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Simple Summary: The locus coeruleus—norepinephrine (LC-NE) system plays a critical role in
regulating various brain functions through its diffuse projections in the brain. However, how
the LC-NE system modulates temporal coding of sensory information along the sensory pathway
remains poorly understood. To address this question, we recorded single-unit activity from a rat’s
somatosensory thalamus in response to whisker stimulation while stimulating the LC. By comparing
the temporal structure of the thalamic responses to the same tactile stimulus with and without
LC activation, we found that LC activation optimized the temporal coding of tactile signals in the
thalamus by moving spikes to time points where they more accurately represent the tactile stimulus.
The results shed light on the future development of neuromodulation technologies to enhance and/or
restore brain functions.

Abstract: The brainstem noradrenergic nucleus, the locus coeruleus (LC), exerts heavy influences
on sensory processing, perception, and cognition through its diffuse projections throughout the
brain. Previous studies have demonstrated that LC activation modulates the response and feature
selectivity of thalamic relay neurons. However, the extent to which LC modulates the temporal
coding of sensory information in the thalamus remains mostly unknown. Here, we found that LC
stimulation significantly altered the temporal structure of the responses of the thalamic relay neurons
to repeated whisker stimulation. A substantial portion of events (i.e., time points where the stimulus
reliably evoked spikes as evidenced by dramatic elevations in the firing rate of the spike density
function) were removed during LC stimulation, but many new events emerged. Interestingly, spikes
within the emerged events have a higher feature selectivity, and therefore transmit more information
about a tactile stimulus, than spikes within the removed events. This suggests that LC stimulation
optimized the temporal coding of tactile information to improve information transmission. We further
reconstructed the original whisker stimulus from a population of thalamic relay neurons’ responses
and corresponding feature selectivity. As expected, we found that reconstruction from thalamic
responses was more accurate using spike trains of thalamic neurons recorded during LC stimulation
than without LC stimulation, functionally confirming LC optimization of the thalamic temporal code.
Together, our results demonstrated that activation of the LC-NE system optimizes temporal coding of
sensory stimulus in the thalamus, presumably allowing for more accurate decoding of the stimulus
in the downstream brain structures.

Keywords: locus coeruleus; temporal coding; feature selectivity; the ventral posteromedial nucleus
of the thalamus (VPm); the whisker system

1. Introduction

Our perception and cognition are heavily influenced by behavioral state, including
arousal and attention [1-8]. It has long been established that major neuromodulatory
systems in the brain, including the locus coeruleus-norepinephrine (LC-NE) system, play
a critical role in regulating behavioral state [9-19]. Recent studies have also suggested
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that norepinephrine produced by the noradrenergic neurons of the LC exerts a strong
influence on sensory processing, and therefore perception, through distinct noradrenergic
receptors [20-24].

Most sensory information is relayed to the cortex through the thalamus [25-28]. In the
whisker system, the thalamus is strategically placed to gate information flow to the cortex
to create tactile perception and internally processes stimuli through the interplay between
the ventral posteromedial nucleus (VPm) of the thalamus and the thalamic reticular nucleus
(TRN) [29-39]. In vitro application of NE on brain slices results in the suppression of a rest-
ing leak potassium current that induces hyperpolarization in addition to the enhancement
of the hyperpolarization activated cation current [40]. This creates a slight depolarizing
shift that reduces the bursting firing for the dorsal lateral and medial geniculate neurons
in the thalamus. A bursting event is multiple spikes occurring within short succession
(i.e., inter-spike interval of 4 ms or less) and requires a relatively longer preceding hyper-
polarized period (i.e., 100ms or greater) to prime the T-type calcium channels responsible
for bursts [40-43]. An in vivo recording from VPm neurons during LC stimulation re-
vealed that LC stimulation altered the strength of VPm neuron’s responses to the same
whisker pad stimulation [21,22]. Using reverse correlation analysis, we have previously
reported that LC activation enhanced the selectivity of the response of VPm neurons to
specific features in whisker stimuli [20], resulting in an increase in the efficiency and rate
of information transmitted about tactile stimuli. The increase in information transmission
mainly resulted from LC regulation of intra-thalamic dynamics, while trigeminal neurons
and cortico-thalamic feedback were not involved. Further supporting the notion that LC
activation increases thalamic information transmission, LC activation also improved rats’
perceptual performance in a behavioral task where the rats were required to discriminate
between two tactile features [20]. When the effects of NE in the thalamus were pharmaco-
logically blocked, the benefit of LC stimulation on perceptual performance was abrogated,
suggesting that the improvement in performance was mainly due to NE enhancement
of thalamic sensory processing [20]. However, how the LC-NE system modulates the
neural coding of sensory information, in particular, the temporal code and population code,
remains not fully understood.

To address this question, we recorded single-unit response in the VPm to the repeated
presentation of frozen white Gaussian noise (WGN) whisker stimulus with and without
LC stimulation. In response to multiple presentations of the same whisker stimulus, VPm
neurons responded reliably at specific time points with a dramatic, transient increase in
their firing rate. These reliable and relatively temporally precise spike-evoking time points
are termed events [44]. By comparing the temporal structure of VPm responses to repeated
tactile stimulus with and without LC stimulation, we found that LC stimulation significantly
altered the temporal structure of events within VPm responses. Specifically, it was found
a substantial portion of events were removed during LC stimulation. Moreover, many
new events emerged during LC stimulation. Through comparing the feature selectivity
of spikes falling within events that were removed by LC stimulation to that of spikes
falling within events that were newly emerged during LC stimulation, we found that spikes
within the emerged events had a higher feature selectivity. This improved the accuracy of
encoding, and therefore allowed the neurons to transmit more information about the tactile
stimulus than they did without LC stimulation. The difference in feature selectivity arose
as spikes within removed events were preceded by stimulus features within the WGN
that less-closely matched the features the neuron selectively encodes when compared to
spikes within emerged events. This suggests that the event removal and emergence process
optimized the VPm temporal code in a manner that favors enhanced feature selectivity
and information transmission. To functionally confirm that the optimized temporal coding
of tactile stimulus during LC stimulation could allow for enhanced acuity of perception,
we examined the ability to decode the original stimulus from an ideal observer point of
view (i.e., only knowing the feature selectivity and spike train responses of the recoded
population of VPm neurons). As expected, we found that reconstruction of the original
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stimulus from a population of VPm neurons’ spike trains and corresponding feature
selectivity was more accurate with LC stimulation than without LC stimulation. Taken
together, our results provide new experimental evidence demonstrating that the activation
of the LC-NE system optimizes the temporal coding of sensory stimulus in the thalamus,
allowing for more accurate decoding of the stimulus in the downstream brain structures.

2. Methods

All experiments involving animals were approved by the Institutional Animal Care
and Use Committee (IACUC) at Columbia University. Some experimental data were pub-
lished in a previous report [20]. However, different analyses of these data were performed
in this study and new results are reported here.

2.1. Surgery and Electrophysiology

Surgical preparation for electrophysiological recording was published previously in
detail [20,45]. Briefly, rats were anesthetized with sodium pentobarbital (30 mg/kg, intra-
venously, initial dose) that was maintained via syringe pump. Body temperature was main-
tained at 37 °C by a servo-controlled heating blanket (FHC). Vital signs and reflexes to aversive
stimuli (toe or tail pinch) were closely monitored to index the depth of anesthesia. Rats were
mounted to a stereotaxic frame to allow for craniotomies to be performed which gave access
to the LC (~3.6-mm caudal to the Lamda, ~1.3 mm lateral from midline, ~5.4-6.0 mm ventral
from the dura surface) and VPm (~3.3 mm caudal to Bregma, ~3.2 mm lateral from midline,
~5-5.7 mm ventral from the dura surface). For rats which underwent electrical LC micros-
timulation, a recording electrode (~2-3 MQ), FHC Inc., Bowdoin, ME, USA) was advanced
into the LC, with LC location being confirmed by the characteristic response of LC neurons
to paw pinch [46]. The recording system was then disconnected and the electrode was
connected to an electrical microstimulator (S88, Grass Instrument, Warwick, RI, USA).
For rats that underwent optogenetic LC stimulation, 4 weeks prior to the experiment, a
lentivirus was injected directly into the rats” LC which allowed for selective transfection
of noradrenergic neurons to express Channelrhodopsin2 (pLenti-PRSx8-hChR2(H134R)-
mCherry, the UNC vector core, ~7 x 10° vp/mL). At the beginning of an optogenetic LC
stimulation experiment, a fiber optic cannula was advanced so as to be abutted to the LC,
which was then attached to an LED driver during experimental sessions (Plexon, 493 nm
wavelength, Dallas, TX, USA). We did not find systematic differences between results from
electrical and optogenetic LC stimulation; both induced similar decreases in VPm burst
spiking and increases in information transmission (Supplementary Figure S1). Given both
methods of LC activation produced functionally identical results, we combined the two
data sets together in our analyses here. For all experiments, a tungsten recording electrode
(~3-5 MQ), FHC Inc., Bowdoin, ME, USA) was then advanced into the VPm, with VPm
neurons being identified by their stereotaxic coordinates and the amplitude and temporal
structure of their response to punctate whisker deflection [47].

For each VPm neuron, one of two different frozen blocks of WGN whisker deflection
was repeatedly delivered to the principal whisker via a custom modified galvomotor [48]
(galvanometer optical scanner model 6210H, Cambridge Technologies, Tullamarine, VIC,
Australia) controlled by a closed-loop system (micromax 67145 board, Cambridge Tech-
nologies). For each VPm neuron, multiple whiskers were stimulated and the whisker
that evoked the strongest response was identified as the principal whisker of the neuron.
Single-unit recordings of VPm neurons’ responses to multiple repetitions of the same WGN
stimulus were then captured via a Plexon recording system (OmniPlex, Plexon Inc., Dallas,
TX, USA). During each recording, responses of the same VPm neuron to the same frozen
WGN stimulus were recorded under two LC stimulation conditions (i.e., 2 Hz and 5 Hz
stimulation frequency; electrical stimulation: 60 LA biphasic pulses with 200 ps per phase;
optogenetic stimulation: 493 nm pulses with 5 ms duration; 20 mW/mm?) and without LC
stimulation. Since our previous results showed that 5 Hz LC stimulation had a stronger
effect on thalamic feature selectivity than 2 Hz LC stimulation, in this study we only an-
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alyzed the response of VPm neurons without LC stimulation versus their response with
5 Hz LC stimulation [20].

2.2. Reverse Correlation Analysis

Here, we modeled the response of VPm neurons using the linear-nonlinear-Poisson
cascade model (LNP) [36,49]. By analyzing multiple responses of a neuron to the same
frozen WGN stimulus, we can identify the kinetic features in the stimulus to which the neu-
ron selectively responds (i.e., the linear stage of the model) and how selectively the neuron
responds to those features (i.e., the nonlinear stage of the model). Here, we recovered each
neuron’s significant features by first calculating the spike-triggered average (STA) followed
by calculating the spike-triggered covariance (STC) matrix to recover the remaining set of
significant features for any neurons which selectively responded to more than one kinetic
feature [36,49].

1 &~
STA = — S (t)
pe
1 N 1 N T
STC = mn;l [S(tn) STA} {S(tn) STA]

where t, is the time of the n'" spike, E(tn) is a vector representing the stimulus during the
temporal window preceding that spike, N is the total number of spikes, and T denotes trans-
pose. Statistical significance of features was determined using a bootstrap procedure [49].
To quantify the change in amplitude of features recovered during LC activation, we used a
feature modulation factor previously defined as [20]:

control feature-feature during LC activation
control feature-control feature

feature modulation factor =

Once the linear portion of the LNP model was recovered, i.e., the kinetic features the
neuron selectively responded to, we calculated the feature coefficients as the dot product
between the neuron’s kinetic filter with the stimulus features preceding each spike. The
probability distribution of feature coefficient values k given a spike (i.e., Prob(k | spike))
was subsequently generated from the feature coefficients. A probability distribution of
all possible feature coefficient values (i.e., Prob(k)) in the stimulus was created and then
calculated by sliding a 20 ms window through the entire 20 s WGN stimulus. Then the
corresponding nonlinear-tuning functions for each feature were calculated as:

Prob(k|spike)
Prob(k)

Nonlinear tuning function =

where k, the feature coefficient values, are the dot product between the linear filter and the
preceding stimulus.

VPm neurons were stimulated in two directions across a fixed plane (e.g., both caudal
and rostral directions). Some VPm neurons were found to have a directional preference
for their kinetic feature (e.g., rostral displacement) while others responded to their kinetic
feature delivered in either direction (e.g., rostral and caudal displacement). The strength of
this directionality preference of the selective response to a specific feature was quantified
by analyzing the symmetry of the nonlinear tuning function as follows:

directionality alpha value =

where G is the nonlinear tuning function and B is equal to 2 standard deviations of feature
coefficient value.
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Information conveyed by VPm neurons about the features they selectively responded
to was quantified as [36,50]:

Prob(k|spike)

Info(k; spike) = / dk + Prob(k|spike) * log, ( Prob(k) )

where k is the feature coefficient and the resulting bits/spike value indicates the mutual
information between the absence/presence of that kinetic feature in the stimulus and the
occurrence of a spike by this neuron.

To allow for identification of reliable events in the responses of neurons to the same
WGN whisker stimulus, the peristimulus time histogram (PSTH) of each neuron’s responses
was created by binning spikes (2 ms bins). The PSTH was then convolved with an adaptive
boxcar kernel [44], whose size was dynamically increased from 1 at each bin until the bins
spanned by that kernel contained at least 10 spikes, to produce a spike density function
(SDEF). A threshold (3 times the mean firing rate; using a threshold of 2 or 4 times the mean
firing rate yielded qualitatively similar results, Supplementary Figure S2) was then used to
identify peaks in the SDF which were then considered events [44].

2.3. Analyzing Optimality of Sensory Encoding Event Time Points

To analyze how optimally a neuron encoded for the presence of a specific feature in a
stimulus, we calculated the optimal temporal structure given the fixed number of events
observed in the experimental recording. Further investigation of how event rate plays a
role in optimal decoding of sensory stimulus is warranted but is beyond the scope of this
project. Ideal event time points are the time points for which the stimulus immediately
preceding this time point most closely matches the feature selectivity of the neuron. How
closely the stimulus matches the feature selectivity at each time point is quantified by the
feature coefficient vector, which is a vector of dot products between the encoded feature
and a window of equal length slid along the stimulus. For directional neurons, ideal
event time points then correspond to the largest positive peaks in the feature coefficient
vector. For non-directional neurons, ideal event time points correspond to the largest
magnitude peaks in the feature coefficient vector. Directionality was determined using
the directionality alpha factor defined above. A threshold of alpha = 0.3 (threshold of 0.25
or 0.35 yielded similar results) was defined and feature selectivity with an alpha value
below this threshold were considered to be non-directionally selective while those that fell
above were considered to be directionally selective. The ideal time points were calculated
separately for control and LC stimulation conditions.

2.4. Decoding VPm Responses

To reconstruct an approximation of the original stimulus from an ideal observer
viewpoint, we first calculated the average temporal response pattern of each neuron to
the incoming stimulus (e.g., the PSTH) as well as the features for which that neuron
encoded. For neurons that were selective for multiple features, each feature-PSTH pair was
considered unique. We then selected only the directionally selective feature-PSTH pairs
to use for the initial reconstruction. This was carried out because, from an ideal observer
viewpoint, the non-directionally selective features are not informative until directionality
of the stimulus can be predetermined.

For each directionally selective feature-PSTH pair at each time point, the preceding
strength of the feature present in the stimulus was assumed to be relative to the PSTH value
in that bin (i.e., average spike count/trial at that time point). The reconstructed vector at
each point for a directionally selective feature-PSTH pair was therefore calculated as:

T—1
reconstructiongirectional feature(t) = Z feature(T — i) * PSTH(t + 1)
i=1

1
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where the bin size for both the PSTH and feature are equal to the sampling frequency of
the original stimulus (i.e., 5000 Hz, 0.2 ms bins) and T is the length of the feature. We then
summed all reconstruction vectors corresponding to each directional feature-PSTH pair and
took the z-score of the resulting vector to generate a reconstruction of the original stimulus.

directional reconstruction = z score (Z reconstruction i ectional fe,mw)

Using the directional reconstruction to approximate the original stimulus direction
at any time point, we were then able to improve the reconstruction further by adding
information from the non-directionally selective feature-PSTH pairs. To this end, for each
non-directionally selective feature-PSTH pair, we generated a reconstruction which was at
each point equal to:

T—1
reconstruction,,o, —directional feature(t) = 2 A x feature(T — i) * PSTH(f 4 i)
i=1

A = 1if dot(directional reconstruction(t — T : t), feature) > 0
A = —1if dot(directional reconstruction(f — T : t), feature) < 0

where the value of A effectively selects the directionality of the nondirectionl feature
selectivity at any time point to be the direction which best matches the reconstructed
stimulus generated from directional features only. Once we had calculated a reconstructed
stimulus vector for each non-directionally selective feature-PSTH pair, we were then able
to generate a reconstruction of the stimulus using both directional and non-directional
feature-PSTH pair reconstructions as

completere construction = z score (Z reconstructions gjyectional feature + Zreconstructionsmn_ directional featm)

To visualize how adding additional features improves accuracy of the reconstruction,
each reconstruction was then recreated multiple times with each recreation adding filters
in a random order while accuracy of the recreated stimulus was compared to the original
after addition of each new filter.

2.5. Statistics

All statistical tests were two-sided. A one-sample Kolmogorov-Smirnov test was
used to assess the normality of data before performing statistical tests. If the samples
were normally distributed, a paired or unpaired Student’s t-test was used. Otherwise,
the two-sided Mann-Whitney U-test was used for unpaired samples or the two-sided
Wilcoxon signed-rank test for paired samples. Bonferroni correction was used for multiple
comparisons.

3. Results
3.1. Reliable Response of VPM Neurons to Tactile Stimulus

We recorded the single-unit activity of VPm neurons in response to whisker stimulus
composed of repeated frozen white Gaussian noise (WGN) patterns while varying the
activation condition of the LC-NE system in pentobarbital-anesthetized rats (Figure 1a). In
response to multiple presentations of the same WGN whisker stimulation, VPm neurons
responded reliably at specific time points, which presumably correspond to sections of the
stimulus which closely match the kinetic features for which the neuron selectively encodes.
Once multiple responses of a neuron to the same frozen WGN stimulus had been recorded,
a spike density function (SDF) was generated by first collapsing the peri-event raster into a
peri-stimulus time histogram (PSTH), then smoothing the PSTH by convolving it with an
adaptive kernel (see Section 2. Methods) [44]. Elevated firing rates at certain time points
in the SDF are called events. Events within the SDF were then identified through using
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a threshold of 3x mean firing rate [44] (Figure 1b). We found that a substantial portion
(34.4 & 2.6%, mean £ S.E.M unless otherwise indicated) of spikes were within events.
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Figure 1. Reliable response of VPM neurons to tactile stimulus. (a) Experimental set up. (b) Example
raster plot and spike density function of VPm response to repeated presentation of a tactile stimulus.
(c) Linear-nonlinear-Poisson cascade model. (d,e) Feature selectivity of spikes within and outside of
events. (f) spikes within events transmit more information about tactile stimulus than spikes outside
of events.

To compare the functional difference between the spikes within events and outside
events, we employed the linear-nonlinear-Poisson cascade model to examine the encoding
of the high dimensional spatiotemporal tactile signals into a spike train by these neu-
rons [36,49] (Figure 1c). Through reverse correlation analysis, we were able to recover the
kinetic feature(s) to which each VPm neuron selectively responded and then calculate the
corresponding nonlinear tuning function(s), which illustrate the sensitivity of the neuron’s
response to how closely the stimulus resembles that feature. We were then able to use an
information theoretic approach (see Section 2. Methods) to quantify the mutual informa-
tion between a neuron’s spike response and the absence/presence of the features in the
stimulus, for which the neuron selectivity encodes [20]. As expected, the spikes within
events were more efficient in transmitting information about the encoded kinetic features
as information transmission per spike for spikes within event was approximately 2.65 times
higher than those outside events (Figure 1d—f, 0.37 &= 0.05 vs. 0.14 £ 0.024 bits/spike,
p < 3.6 x 1071, Wilcoxon signed-rank test; 32 neurons from 19 animals), suggesting the
existence of temporal code in the VPm.

3.2. LC Stimulation-Modulated Temporal Structure of VPm Response to the Same Stimulus

We next examined the extent to which LC activation modulates thalamic temporal
coding by comparing the temporal structure of events each VPm neuron used to encode tactile
stimulus with versus without LC stimulation. When we overlay the peri-event raster and
SDF of the VPm response with LC stimulation over that of the VPm response without LC
stimulation, we found a clear change in the temporal event structure (Figure 2a). Some events
are conserved across both control and LC-activation conditions (Figure 2a, purple boxes).
However, we also observed that LC activation resulted in the removal of some events that were
present under control conditions (Figure 2a, pink boxes). Further, LC activation resulted in
the addition of some new events that were not present under control conditions (i.e., emerged
events) (Figure 2a, green boxes). Moreover, the number of emerged events was smaller
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than the number of removed events (Figure 2b, 2.62 £ 0.18 vs. 19.2 £ 0.23 Hz, p < 0.027,
paired t-test, 32 neurons from 19 rats), resulting in fewer events in VPm responses during
LC activation than during the control condition (Figure 2c, 5.71 £ 0.43 vs. 5.0 &+ 0.54 Hz,
p < 0.026, paired t-test, 32 neurons from 19 rats). Approximately half of the events found
during control conditions were removed with LC stimulation, while approximately 40 percent
of the events found during LC activation were newly emerged and not present during
control conditions (Figure 2d; removed events: 50.0 £ 3.6%, emerged events: 40.0 & 3.3%,
p <4.6 x 1073, paired t-test, 32 neurons from 19 rats), suggesting a major change in temporal
structure. Consistent with our previous finding that LC activation reduces firing rate, here,
we found fewer spikes within each event per trial during LC activation than under control
conditions (Figure 2e, 0.61 & 0.041 vs. 0.55 + 0.031 Hz, p < 4.5% 1075, paired t-test, 32 neurons
from 19 rats). Since we have shown that LC activation increased information transmission for
VPm neurons, this led us to hypothesize that LC activation may have optimized the thalamic
temporal coding by removing less-optimal events and adding more-optimal events within
VPm responses.

a
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Figure 2. LC stimulation altered the temporal structure of VPm responses. (a) Characterization of
different types of events of an example VPm neuron. (b) Rate of the removed events and emerged
events. (c) LC activation decreased the number of events. (d) Percentage of the removed events and
emerged events. (e) Number of spikes per event in a trial with and without LC stimulation.

3.3. Spikes within Emerged Events during LC Activation Transmitted More Information Than
Spikes within Removed Events

To quantitatively test this hypothesis, we evaluated feature selectivity and information
transmission for spikes within the four types of events: spikes without LC stimulation
that occurred during removed events, spikes without LC stimulation that occurred during
conserved events, spikes during LC activation that occurred during conserved events, and
spikes during LC activation that occurred during emerged events. When recovering the
feature selectivity for each group of spikes, we found that the feature selectivity, measured
as the feature modulation factor (see Section 2. Methods), of spikes within emerged
events was much higher as compared to spikes within removed events (Figure 3a—c,
1.0 £ 0.1 for spikes within removed events vs. 1.7 &= 0.1 for spikes within emerged events,
p < 6.2 x 107>, paired t-test, 32 neurons from 19 rats). Consequently, spikes within
emerged events transmitted more information about the encoded features than spikes
within removed events, confirming that LC activation optimized temporal code in the



Biology 2024, 13,79

9of 18

thalamus (Figure 3d, 0.20 £ 0.02 bits/spike within removed events vs. 0.67 & 0.10 bits/spike
within emerged events, p < 3.9 x 10~8, Wilcoxon signed-rank test, 32 neurons from 19 rats).
Interestingly, when comparing the coding property of spikes within conserved events
during LC activation to spikes within conserved events during control conditions, the
spikes during LC activation exhibited a higher feature selectivity (Figure 3e, 1.8 £ 0.1 for
spikes within conserved events without LC stimulation vs. 2.2 & 0.1 for spikes within
conserved events with LC stimulation, p <1.3 x 10-°, paired t-test, 32 neurons from 19 rats),
and therefore greater information transmission (Figure 3f, 0.37 &£ 0.05 bits/spike within
conserved events without LC stimulation vs. 0.93 + 0.14 bits/spike within conserved
events with LC stimulation, p < 9.3 x 10710, paired t-test, 32 neurons from 19 rats). This
suggests that, even within conserved events, spikes are occurring relatively more often at
time points more optimal to transmit stimulus-related information during LC stimulation.
Taken together, these results indicated that LC activation optimized thalamic temporal
coding of tactile stimulus by replacing spiking events at time points with relatively low
information encoding efficiency with spiking events at time points with higher information
encoding efficiency. Analyses in our prior studies suggest this action is probably mediated
by norepinephrine regulation of T-type calcium channels in thalamic neurons as we have
found that LC stimulation suppressed burst firing (i.e., multiple spikes with an interspike
interval of 4 ms or less following a period of quiescence of at least 100 ms) for VPm
neurons [20].

To examine the extent to which the effect of LC activation on the thalamic tem-
poral code resulted from the reduction in burst firing during LC stimulation, we first
deleted all bursting spikes from spike trains and then assessed the information trans-
mission for spikes within removed events and spikes within emerged events. Similar to
results from spike trains containing bursting spikes, the spikes within removed events
transmitted less information than spikes within emerged events (Figure 4a, 0.28 £ 0.04
vs. 0.80 £0.12, p < 8.7 X 10~8, Wilcoxon signed-rank test, 32 neurons from 19 rats). This
further analyses adds more evidence that it was not simply the NE-mediated removal of
these bursting spikes that caused the LC-activation-induced increase in information trans-
mission. Indeed, bursting spikes are suboptimal for information transmission, as a burst
consists of multiple spikes of which only one is likely to be optimally temporally aligned
to the feature. We see this reflected in the data as spikes in bursts carried less information
than the average spike with and without LC stimulation (Figure 4b,c, without LC stim:
0.14 + 0.025 vs. 0.08 & 0.01 bits/spike, p < 1.3 x 10~%, Wilcoxon signed-rank test; with LC
stim: 0.57 £ 0.12 vs. 0.37 £ 0.09 bits/spike, p < 4.1 x 10—°, Wilcoxon signed-rank test;
32 neurons from 19 rats). However, when bursting occurrences were considered each as a
single spike, they carry significantly more information than the average spike (Figure 4b,c,
without LC stim: 0.14 + 0.025 vs. 0.17 + 0.027 bits/spike, p < 3.5 x 10~%, Wilcoxon signed-
rank test; with LC stim: 0.57 & 0.12 vs. 0.71 £ 0.17 bits/spike, p < 3.2 x 103, Wilcoxon
signed-rank test; 32 neurons from 19 rats), suggesting bursts themselves are not inherently
uninformative (see Section 4. Discussion).

3.4. The Reorganization of the Temporal Structure of VPm Events during LC Activation Favors
Ideal Event Placement

Having found that LC activation resulted in a temporal rearrangement of the event
time points in each VPm neuron’s spiking response to the same WGN tactile stimulus
clip, we next investigated how ideal the temporal arraignment of the event structure each
VPm neuron used to encode the WGN stimulus clip was with and without LC stimulation.
To answer this question, we first needed to consider, for a neuron with a specific feature
selectivity, what an ideal temporal structure of its response would look like. Here, we
confined our search for the neuron’s ideal response by using the same exact number of
events in our ideal response as were present in the neuron’s actual SDFE. To find the ideal
time points for these events to occur to encode the most information about the presence of a
selected feature, we first calculated the feature coefficient vector (i.e., dot product between
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the encoded feature and a window the same length slid through the stimulus). A very
informative neuron would only respond at the time points when the feature coefficient
had a large magnitude, e.g., the peaks in the resulting feature coefficient vector. It is
important to note that the ideal time points depend on whether a neuron’s response is
directionally sensitive to the sign of the feature coefficient (i.e., sensitive to only large
positive feature coefficient values vs. sensitive to both large negative and positive feature
coefficient values) (Figure 5a), and that directional selectivity varies across neurons. A
neuron selectively responding to a specific feature in a directional fashion would ideally
fire at large magnitude feature coefficients only if they are positive values (Figure 5b). In
contrast, a neuron selectively responding to a specific feature in a non-directional fashion
would ideally fire at large magnitudes of feature coefficients regardless of whether they
were negative (the inverse of the feature) or positive (Figure 5c).
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Figure 3. Emerged events during LC activation transmitted more information than removed events.
(a) Example encoded feature by spikes within removed events (orange), conserved events without
LC stimulation (black), conserved events with LC stimulation (purple), and emerged events (green).
(b) Nonlinear tuning function for the spikes within the four types of events. (c) Feature modulation
factor for spikes within removed events vs. spikes within emerged events. (d) Information transmis-
sion for spikes within removed events vs. spikes within emerged events. (e) Feature modulation
factor for spikes within conserved events without LC stimulation vs. spikes within conserved events
during LC stimulation. (f) Information transmission for spikes within conserved events without LC
stimulation vs. spikes within conserved events during LC stimulation.

To determine whether a neuron’s feature selectivity was directional or non-directional,
for each feature we quantified the directionality of the corresponding nonlinear tuning
index using a directionality alpha value as defined by Petersen et al. [36] (see Section 2.
Methods). A feature selectivity which is directionally selective will exhibit an asymmetric
nonlinear tuning function (Figure 5a, left panel), and will have an alpha value close to 1. A
feature selectivity which is not directionally selective will have a corresponding nonlinear
tuning function that appears symmetric across the y axis (Figure 5a, right panel), and an
alpha value close to 0. We found that LC stimulation slightly increased the directionality of
the VPm neurons’ feature selectivity as measured by alpha values (Figure 5d, 0.44 & 0.04
without LC stimulation vs. 0.55 & 0.04 with LC stimulation, p < 6.8 x 1074, paired t-test,
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32 neurons from 19 rats). Therefore, when deciding if a neuron’s feature selectivity is
directional or not, we used the average directionality alpha value between the feature
selectivity with and without LC activation. Any resulting directionality value which fell
beneath a threshold of 0.3 (see Section 2. Methods) was considered to be non-directionally
selective while any that fell above was considered to be directionally selective.
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Figure 4. LC modulation of temporal code was not due to changes in burst firing. (a) Spikes within
emerged events transmitted more information than spikes within removed events after bursting
spikes were removed from the spike trains. (b) Information transmission per spike for all spikes,
tonic spikes, bursting spikes, and burst firing occurrences without LC stimulation. (c) Information
transmission per spike for all spikes, tonic spikes, bursting spikes, and burst firing occurrences with
LC stimulation.

After the directionality of each feature selectivity was calculated, we then identified
the peaks in the corresponding feature coefficient which would be most ideal to position
our events. Here, we conserved the same number of events as observed in the original
response but moved these event times to be located at the peaks in the feature coefficient
vector with the largest positive values for directionally selective features (Figure 5b, red
stars) or largest absolute values for non-directionally selective features (Figure 5c, red
stars). We were then able to compare these ideal event time points with the actual event
time points observed with and without LC stimulation (Figure 5a,b, blue stars). Here, we
found that LC stimulation increased the fraction of events that occurred at an ideal event
time point (Figure 5e, 0.20 & 0.01 without LC stimulation vs. 0.23 &+ 0.01 with stimulation,
p < 6.0 x 107, paired t-test, 32 neurons from 19 rats). Taken together, consistent with the
previous results, this showed that LC activation resulted in a changing of the temporal
event structure in such a way that favors more informative, and therefore more optimal,
event locations.

3.5. LC Activation Improved Accuracy in Reconstructing the Original Tactile Stimulus from VPm
Population Responses

Next, we assessed the functional consequences of improved information transmission
during LC activation from a decoding perspective. Specifically, we examined how LC
activation impacted the ability to decode the original whisker stimulus from the population
response of VPm neurons [51]. To this end, we selected a subset of VPm recordings for
which all the responses were driven by the same frozen WGN stimulus. We then analyzed,
from an ideal observer standpoint of view, how accurately we could reconstruct the original
stimulus knowing only the VPm neurons’ responses and feature selectivity (see Section 2.
Methods). To reconstruct the original stimulus, we assumed the preceding strength of a
feature in the stimulus was relative to the average spiking response at that time point of the
neuron encoding that feature. To begin reconstruction, only directionally selective features
were used as non-directional feature selectivity needed to be orientated correctly to improve
reconstruction accuracy. Once a reconstruction using only directionally selective features
was completed, we were able to then improve this reconstruction by adding information
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from non-directionally selective features. To do this, we used the direction of the stimulus
reconstructed from only the directional feature selectivity at each time point to determine
the direction of the non-directional feature selectivity.
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Figure 5. The reorganization of the temporal structure of VPm events during LC activation favors
ideal event placement for optimal coding of stimulus. (a) Example directional and non-directional
feature selectivity. (b) Plots of feature coefficient (top) and SDF (bottom) from an example VPm
neuron with directional feature selectivity illustrating ideal time points for events to occur. (c) Plots
of feature coefficient (top) and SDF (bottom) from an example VPm neuron with non-directional
feature selectivity illustrating ideal time points for events to occur. (d) LC activation increased
the directionality of VPm feature selectivity. (e) LC activation increased the fraction of events that
occurred at an ideal event time points.

As expected, we found that the final reconstruction was significantly more accurate
when using the spiking response and feature selectivity of the neurons during LC stimula-
tion than without LC stimulation (Figure 6a). This indicated that LC stimulation optimized
the encoding of sensory-related information in the thalamus in a manner which allows
for a more accurate recovery of the original stimuli from the thalamocortical spike trains.
This suggests the accuracy of the perception of stimuli could be enhanced as well. Indeed,
in our previous work, we found that LC stimulation enhanced the perceptual sensitiv-
ity of rats discriminating between two different frequencies of whisker stimulation [20].
We then wanted to quantify how LC stimulation affects how closely the reconstruction
matches the original stimulus. Further, we were interested in how the number of VPm
neurons used for decoding affected the accuracy of reconstruction of the stimulus. To
this end, we performed the above method of decoding of the stimulus from directional
PSTH-feature pairs multiple times for each possible number of features used. For each
directional reconstruction, the order of features added was randomized and the correlation
coefficient between that reconstruction and the original stimulus was saved. When looking
at a plot of average correlation coefficient versus number of features used for directional
reconstruction, we found, as expected, that the accuracy of the reconstruction increased
with the increasing number of features used (Figure 6b). We also found that the more
features used, the less additional accuracy adding another feature provides, indicating that
there was some redundancy in the information carried by each of the encoded features.
Importantly, we found that no matter how many features were used for reconstruction, LC
stimulation resulted in a more accurate reconstruction as measured by either correlation
coefficient (Figure 6b) or root-mean-square deviation (RMSE) between the reconstruction
and original stimulus (Figure 6¢). Interestingly, we observed that the difference between
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the accuracy of reconstruction with and without LC stimulation increased as the number of
features decoded increased, suggesting that LC activation decreased the redundancy of
information carried by VPm neurons. We further performed a similar analysis investigating
how adding in different amounts of non-directional features improved the reconstruction
accuracy (Figure 6b). The results of this analysis also showed that LC stimulation resulted
in a more accurate reconstruction when decoded from both directional and non-directional
features (Figure 6b,c).
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Figure 6. LC activation improved accuracy in reconstructing the original tactile stimulus from
VPm population responses. (a) Example plot showing the original whisker stimulus, reconstructed
stimulus without LC stimulation. and reconstructed stimulus with LC stimulation. (b) The correlation
coefficient between the original and reconstructed stimulus with and without LC stimulation. (c) Root-
mean-square deviation between the original and reconstructed stimulus.

4. Discussion

Previous work has suggested that sensory neurons could use temporal patterns of
changes in firing rate to carry information about sensory signals [52-55]. Consistent with
this, in the present study, our results showed that LC stimulation improved neural coding
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of sensory information by optimizing the temporal pattern of VPm responses to repeated
presentations of frozen WGN whisker stimulation. It has been long recognized that the
amount of information a sensory neuron transmits about a stimulus is mainly determined
by the reliability and precision of the neuron’s response. However, we have previously
shown that changes in the reliability and precision of the neuron’s response resulting from
LC activation could not account for the improvement in information transmission that
we observed experimentally [20]. Here, we have demonstrated, for the first time, that LC
activation optimizes the temporal pattern of VPm responses by replacing suboptimal events
containing less informative spikes with new events at different time points containing more
informative spikes (Figure 3).

How sensory information is encoded by neural activity has long been a hotly debated
issue. Initial experimental evidence showed neuronal firing rate was tightly correlated with
stimulus strength (and later, other parameters), leading to the notion of rate code [56-58].
More recently, a growing body of evidence suggests a temporal code, which asserts that
the timing of spikes also carries stimulus information [53-55,59-65]. This is particularly
true when the synchrony between activities across a population of neurons is essential to
achieve certain computations [45,66-74]. Although rate code and temporal code are not
necessarily mutually exclusive, our results further support the existence of temporal code
in the whisker thalamus by showing how the LC-NE system can optimize the temporal
pattern of VPm responses to transmit more sensory information.

We have previously reported that LC stimulation in general improved the efficiency
and rate of stimulus-related information transmitted by VPm neurons [20]. Here, we
further showed the functional consequence of enhanced information transmission by
demonstrating that LC stimulation allowed for a more accurate recovery of the original
stimulus when decoding it from the response of a population of VPm neurons from an
ideal observer viewpoint (Figure 6). This provides a mechanistic understanding about
how LC stimulation may enhance the accuracy of the perception of sensory stimuli and
suggests a pathway to employing neural stimulation technologies engaging the LC-NE
system, including vagus nerve stimulation, to enhance sensory processing [75,76].

When investigating whether event time points occur at ideal locations, it must be
considered that a VPm neuron may selectively encode for multiple features. Therefore,
event time points which may be non-ideal for one of the neuron’s encoded features may
be ideal for another. Interestingly, here, we found an increase in the fraction of events
occurring at ideal times for neurons encoding a single feature as well as neurons encoding
multiple features, when each of those features was analyzed individually. If the change in
the temporal structure of events used to encode a whisker stimulus resulted in an improved
feature selectivity for one feature at the cost of a degraded feature selectivity for another
feature, we would expect to see a mixed effect of LC activation on the fraction of events at
ideal times. Instead, we observed an improvement across the vast majority of individual
features, suggesting that removed events were not ideal events for any of the features
for which that the neuron encoded. In this way, LC activation-mediated changes in the
temporal structure of the response does not shift the feature selectivity towards one feature
at the expense of another (i.e., tune the neuron’s selectivity to a specific feature in the
stimulus), but rather improves the feature selectivity for all features to which the neuron
selectively responds.

The numerous physiological properties of the neuron, including absolute/relative
refractory periods and the activation level of T-type calcium channels, impose influences
on the temporal patterns of its response to sensory signals because these properties affect
the probability of the neuron firing its next spike at successive time points. Previous work
has shown that T-type calcium channels in the thalamus play an important role in LC
modulation of thalamic sensory processing [20]. Although burst firing is an indicator of
T-type calcium channel activation, our results here present the nuanced finding that the
removal of bursting spikes contributed to the NE-mediated enhancement of information
transmission but cannot account for the majority of the improvement in temporal coding.
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Yet our earlier studies strongly suggested that the effect of LC-NE activation on thalamic
sensory processing resulted from NE regulation of T-type calcium channel activation.
Together, these findings suggests NE suppression of T-type calcium channels not only
reduces burst firing, but also removes the continuous fluctuating influence of T-type calcium
channels on thalamic relay neurons” membrane potential. Supporting this hypothesis, our
previous modeling work demonstrated that LC activation reduces metrics that correlate
with cell membrane potential fluctuations. The fluctuating influence of T-type calcium
channels does not specifically encode information related to incoming sensory stimuli
so when removed should potentially allow the response of VPm neurons’ to be more
correlated with sensory-related inputs from the brainstem principal trigeminal nucleus and
TRN. Increasing the correlation of VPm neurons’ responses to relevant sensory information
input could then allow these neurons to respond with spikes more optimally at time points
where the stimulus features most closely match the feature it encodes. Because strong
inhibition from TRN neurons is necessary for T-type calcium channels in VPm neurons
to be activated [77-81], future work to investigate LC modulation of TRN responses to
whisker stimuli is warranted to shed light on the effect of complex VPm-TRN interplay on
thalamic temporal coding of tactile signals.

5. Conclusions

Our data provided new experimental evidence demonstrating that LC activation
induces the rearrangement of the temporal structure of thalamic responses to a repeatedly
delivered WGN tactile stimulus. The rearrangement replaced the spikes transmitting less
information about the kinetic features present in the stimulus with spikes transmitting
more information, indicating that LC activation optimizes the temporal coding of sensory
information in the thalamus.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology13020079/s1, Figure S1: No significant differences in
effects of electrical and optogenetic LC stimulation on thalamic response; Figure S2: Different event
thresholds resulted in quantitatively similar results.

Author Contributions: C.R. and Q.W. designed the experiments. C.R. performed the experiments
and analyzed the data. C.R. and Q.W. wrote the manuscript. Q.W. supervised the study. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH ROIMH112267, R0OINS119813, R01AG075114, R21IMH1251
07, and NSF CBET 1847315.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest: C.R. and Q.W. are the co-founders of Sharper Sense, a company developing
methods of enhancing sensory processing with neural interfaces.

References

1.  McGinley, M.].; Vinck, M.; Reimer, ].; Batista-Brito, R.; Zagha, E.; Cadwell, C.R.; Tolias, A.S.; Cardin, J.A.; McCormick, D.A.
Waking state: Rapid variations modulate neural and behavioral responses. Neuron 2015, 87, 1143-1161. [CrossRef]

2. Joshi, S.; Gold, J.I. Pupil Size as a Window on Neural Substrates of Cognition. Trends Cogn. Sci. 2020, 24, 466—480. [CrossRef]

3. de Gee, ] W.; Tsetsos, K.; Schwabe, L.; Urai, A.E.; McCormick, D.; McGinley, M.].; Donner, T.H. Pupil-linked phasic arousal
predicts a reduction of choice bias across species and decision domains. eLife 2020, 9, e54014. [CrossRef] [PubMed]

4. Narasimhan, S.; Schriver, B.].; Wang, Q. Adaptive decision making depends on pupil-linked arousal in rats performing tactile
discrimination tasks. J. Neurophysiol. 2023, 130, 1541-1551. [CrossRef] [PubMed]

5. Liu, Y;; Narasimhan, S.; Schriver, B.].; Wang, Q. Perceptual Behavior Depends Differently on Pupil-Linked Arousal and Heartbeat
Dynamics-Linked Arousal in Rats Performing Tactile Discrimination Tasks. Front. Syst. Neurosci. 2021, 14, 614248. [CrossRef]

6. Wekselblatt, ].B.; Niell, C.M. Behavioral state—Getting “in the zone”. Neuron 2015, 87, 7-9. [CrossRef] [PubMed]

7. Niell, C.M.; Stryker, M.P. Modulation of visual responses by behavioral state in mouse visual cortex. Neuron 2010, 65, 472-479.

[CrossRef]


https://www.mdpi.com/article/10.3390/biology13020079/s1
https://www.mdpi.com/article/10.3390/biology13020079/s1
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1016/j.tics.2020.03.005
https://doi.org/10.7554/eLife.54014
https://www.ncbi.nlm.nih.gov/pubmed/32543372
https://doi.org/10.1152/jn.00309.2022
https://www.ncbi.nlm.nih.gov/pubmed/37964751
https://doi.org/10.3389/fnsys.2020.614248
https://doi.org/10.1016/j.neuron.2015.06.020
https://www.ncbi.nlm.nih.gov/pubmed/26139365
https://doi.org/10.1016/j.neuron.2010.01.033

Biology 2024, 13,79 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Fanselow, E.E.; Sameshima, K.; Baccala, L.A.; Nicolelis, M.A. Thalamic bursting in rats during different awake behavioral states.
Proc. Natl. Acad. Sci. USA 2001, 98, 15330-15335. [CrossRef]

Sara, S.J. The locus coeruleus and noradrenergic modulation of cognition. Nat. Rev. Neurosci. 2009, 10, 211-223. [CrossRef]
Maness, E.B.; Burk, J.A.; McKenna, J.T.; Schiffino, F.L.; Strecker, R.E.; McCoy, ].G. Role of the locus coeruleus and basal forebrain
in arousal and attention. Brain Res. Bull. 2022, 188, 47-58. [CrossRef]

Breton-Provencher, V.; Drummond, G.T.; Sur, M. Locus Coeruleus Norepinephrine in Learned Behavior: Anatomical Modularity
and Spatiotemporal Integration in Targets. Front. Neural Circuits 2021, 15, 638007. [CrossRef] [PubMed]

Poe, G.R; Foote, S.; Eschenko, O.; Johansen, J.P.; Bouret, S.; Aston-Jones, G.; Harley, C.W.; Manahan-Vaughan, D.; Weinshenker,
D.; Valentino, R.; et al. Locus coeruleus: A new look at the blue spot. Nat. Rev. Neurosci. 2020, 21, 644-659. [CrossRef] [PubMed]
Weiss, E.; Kann, M.; Wang, Q. Neuromodulation of Neural Oscillations in Health and Disease. Biology 2023, 12, 371. [CrossRef]
[PubMed]

Slater, C.; Liu, Y.; Weiss, E.; Yu, K.; Wang, Q. The Neuromodulatory Role of the Noradrenergic and Cholinergic Systems and Their
Interplay in Cognitive Functions: A Focused Review. Brain Sci. 2022, 12, 890. [CrossRef] [PubMed]

Aston-Jones, G.; Cohen, J.D. An integrative theory of locus coeruleus-norepinephrine function: Adaptive gain and optimal
performance. Annu. Rev. Neurosci. 2005, 28, 403—450. [CrossRef] [PubMed]

Schriver, B.]J.; Perkins, S.M.; Sajda, P.; Wang, Q. Interplay between components of pupil-linked phasic arousal and its role in
driving behavioral choice in Go/No-Go perceptual decision-making. Psychophysiology 2020, 57, €13565. [CrossRef]
McBurney-Lin, J.; Vargova, G.; Garad, M.; Zagha, E.; Yang, H. The locus coeruleus mediates behavioral flexibility. Cell Rep. 2022,
41,111534. [CrossRef]

Berridge, C.W. Noradrenergic modulation of arousal. Brain Res. Rev. 2008, 58, 1-17. [CrossRef]

Neves, RM.; van Keulen, S.; Yang, M.; Logothetis, N.K.; Eschenko, O. Locus coeruleus phasic discharge is essential for stimulus-
induced gamma oscillations in the prefrontal cortex. J. Neurophysiol. 2018, 119, 904-920. [CrossRef]

Rodenkirch, C; Liu, Y.; Schriver, B.J.; Wang, Q. Locus coeruleus activation enhances thalamic feature selectivity via norepinephrine
regulation of intrathalamic circuit dynamics. Nat. Neurosci. 2019, 22, 120-133. [CrossRef] [PubMed]

Devilbiss, D.M.; Page, M.E.; Waterhouse, B.D. Locus Ceruleus Regulates Sensory Encoding by Neurons and Networks in Waking
Animals. J. Neurosci. 2006, 26, 9860-9872. [CrossRef] [PubMed]

Devilbiss, D.M.; Waterhouse, B.D. The Effects of Tonic Locus Ceruleus Output on Sensory-Evoked Responses of Ventral Posterior
Medial Thalamic and Barrel Field Cortical Neurons in the Awake Rat. J. Neurosci. 2004, 24, 10773-10785. [CrossRef] [PubMed]
Vazey, E.M.; Moorman, D.E.; Aston-Jones, G. Phasic locus coeruleus activity regulates cortical encoding of salience information.
Proc. Natl. Acad. Sci. USA 2018, 115, E9439. [CrossRef] [PubMed]

Yang, H.; Bari, B.A.; Cohen, ].Y.; O’Connor, D.H. Locus coeruleus spiking differently correlates with S1 cortex activity and pupil
diameter in a tactile detection task. eLife 2021, 10, e64327. [CrossRef] [PubMed]

Cano, M.; Bezdudnaya, T.; Swadlow, H.A.; Alonso, J.-M. Brain state and contrast sensitivity in the awake visual thalamus. Nat.
Neurosci. 2006, 9, 1240-1242. [CrossRef] [PubMed]

Wang, X.; Vaingankar, V.; Soto Sanchez, C.; Sommer, F.T.; Hirsch, J.A. Thalamic interneurons and relay cells use complementary
synaptic mechanisms for visual processing. Nat. Neurosci. 2011, 14, 224-231. [CrossRef]

Sherman, S.M. Thalamus plays a central role in ongoing cortical functioning. Nat. Neurosci. 2016, 19, 533-541. [CrossRef]
Crandall, S.R.; Cruikshank, S.J.; Connors, B.W. A corticothalamic switch: Controlling the thalamus with dynamic synapses.
Neuron 2015, 86, 768-782. [CrossRef]

Crick, F. Function of the thalamic reticular complex: The searchlight hypothesis. Proc. Natl. Acad. Sci. USA 1984, 81, 4586—4590.
[CrossRef]

Martinez-Garcia, R.I.; Voelcker, B.; Zaltsman, J.B.; Patrick, S.L.; Stevens, T.R.; Connors, B.W.; Cruikshank, S.J. Two dynamically
distinct circuits drive inhibition in the sensory thalamus. Nature 2020, 583, 813—-818. [CrossRef]

Li, Y,; Lopez-Huerta, V.G.; Adiconis, X.; Levandowski, K.; Choi, S.; Simmons, S.K.; Arias-Garcia, M.A.; Guo, B.; Yao, A.Y.; Blosser,
T.R.; et al. Distinct subnetworks of the thalamic reticular nucleus. Nature 2020, 583, 819-824. [CrossRef] [PubMed]

Lewis, L.D.; Voigts, ].; Flores, EJ.; Schmitt, L.I.; Wilson, M.A.; Halassa, M.M.; Brown, E.N. Thalamic reticular nucleus induces fast
and local modulation of arousal state. eLife 2015, 4, e08760. [CrossRef] [PubMed]

Halassa, M.M.; Chen, Z.; Wimmer, R.D.; Brunetti, PM.; Zhao, S.; Zikopoulos, B.; Wang, F.; Brown, E.N.; Wilson, M. A. State-
dependent architecture of thalamic reticular subnetworks. Cell 2014, 158, 808-821. [CrossRef] [PubMed]

Vaingankar, V.; Soto-Sanchez, C.; Wang, X.; Sommer, FE.T.; Hirsch, J.A. Neurons in the thalamic reticular nucleus are selective for
diverse and complex visual features. Front. Integr. Neurosci. 2012, 6, 118. [CrossRef] [PubMed]

Halassa, M.M.; Siegle, ] H.; Ritt, ].T.; Ting, ].T.; Feng, G.; Moore, C.I. Selective optical drive of thalamic reticular nucleus generates
thalamic bursts and cortical spindles. Nat. Neurosci. 2011, 14, 1118-1120. [CrossRef]

Petersen, R.S.; Brambilla, M.; Bale, M.R.; Alenda, A ; Panzeri, S.; Montemurro, M.A.; Maravall, M. Diverse and Temporally Precise
Kinetic Feature Selectivity in the VPm Thalamic Nucleus. Neuron 2008, 60, 890-903. [CrossRef]

Sermet, B.S.; Truschow, P.; Feyerabend, M.; Mayrhofer, ].M.; Oram, T.B.; Yizhar, O.; Staiger, ].E; Petersen, C.C.H. Pathway-, layer-
and cell-type-specific thalamic input to mouse barrel cortex. eLife 2019, 8, €52665. [CrossRef]

Petersen, C.C.H. Sensorimotor processing in the rodent barrel cortex. Nat. Rev. Neurosci. 2019, 20, 533-546. [CrossRef]


https://doi.org/10.1073/pnas.261273898
https://doi.org/10.1038/nrn2573
https://doi.org/10.1016/j.brainresbull.2022.07.014
https://doi.org/10.3389/fncir.2021.638007
https://www.ncbi.nlm.nih.gov/pubmed/34163331
https://doi.org/10.1038/s41583-020-0360-9
https://www.ncbi.nlm.nih.gov/pubmed/32943779
https://doi.org/10.3390/biology12030371
https://www.ncbi.nlm.nih.gov/pubmed/36979063
https://doi.org/10.3390/brainsci12070890
https://www.ncbi.nlm.nih.gov/pubmed/35884697
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://www.ncbi.nlm.nih.gov/pubmed/16022602
https://doi.org/10.1111/psyp.13565
https://doi.org/10.1016/j.celrep.2022.111534
https://doi.org/10.1016/j.brainresrev.2007.10.013
https://doi.org/10.1152/jn.00552.2017
https://doi.org/10.1038/s41593-018-0283-1
https://www.ncbi.nlm.nih.gov/pubmed/30559472
https://doi.org/10.1523/JNEUROSCI.1776-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17005850
https://doi.org/10.1523/JNEUROSCI.1573-04.2004
https://www.ncbi.nlm.nih.gov/pubmed/15574728
https://doi.org/10.1073/pnas.1803716115
https://www.ncbi.nlm.nih.gov/pubmed/30232259
https://doi.org/10.7554/eLife.64327
https://www.ncbi.nlm.nih.gov/pubmed/33721552
https://doi.org/10.1038/nn1760
https://www.ncbi.nlm.nih.gov/pubmed/16964255
https://doi.org/10.1038/nn.2707
https://doi.org/10.1038/nn.4269
https://doi.org/10.1016/j.neuron.2015.03.040
https://doi.org/10.1073/pnas.81.14.4586
https://doi.org/10.1038/s41586-020-2512-5
https://doi.org/10.1038/s41586-020-2504-5
https://www.ncbi.nlm.nih.gov/pubmed/32699411
https://doi.org/10.7554/eLife.08760
https://www.ncbi.nlm.nih.gov/pubmed/26460547
https://doi.org/10.1016/j.cell.2014.06.025
https://www.ncbi.nlm.nih.gov/pubmed/25126786
https://doi.org/10.3389/fnint.2012.00118
https://www.ncbi.nlm.nih.gov/pubmed/23269915
https://doi.org/10.1038/nn.2880
https://doi.org/10.1016/j.neuron.2008.09.041
https://doi.org/10.7554/eLife.52665
https://doi.org/10.1038/s41583-019-0200-y

Biology 2024, 13,79 17 of 18

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.
63.
64.
65.
66.
67.
68.
69.
70.

71.

Wolfart, J.; Debay, D.; Le Masson, G.; Destexhe, A.; Bal, T. Synaptic background activity controls spike transfer from thalamus to
cortex. Nat. Neurosci. 2005, 8, 1760. [CrossRef]

Pape, H.C.; McCormick, D.A. Noradrenaline and serotonin selectively modulate thalamic burst firing by enhancing a
hyperpolarization-activated cation current. Nature 1989, 340, 715-718. [CrossRef]

McCormick, D.A.; Pape, H.C.; Williamson, A. Actions of norepinephrine in the cerebral cortex and thalamus: Implications for
function of the central noradrenergic system. Prog. Brain Res. 1991, 88, 293-305. [PubMed]

Llinas, R.; Jahnsen, H. Electrophysiology of mammalian thalamic neurones in vitro. Nature 1982, 297, 406—408. [CrossRef]
[PubMed]

Deleuze, C.; David, F,; Behuret, S.; Sadoc, G.; Shin, H.S.; Uebele, V.N.; Renger, ].J.; Lambert, R.C.; Leresche, N.; Bal, T. T-type
calcium channels consolidate tonic action potential output of thalamic neurons to neocortex. J. Neurosci. 2012, 32, 12228-12236.
[CrossRef] [PubMed]

Mainen, Z.F.; Sejnowski, TJ. Reliability of spike timing in neocortical neurons. Science 1995, 268, 1503-1506. [CrossRef] [PubMed]
Wang, Q.; Webber, R.; Stanley, G.B. Thalamic Synchrony and the Adaptive Gating of Information Flow to Cortex. Nat. Neurosci.
2010, 13, 1534-1541. [CrossRef] [PubMed]

Liu, Y,; Rodenkirch, C.; Moskowitz, N.; Schriver, B.; Wang, Q. Dynamic Lateralization of Pupil Dilation Evoked by Locus
Coeruleus Activation Results from Sympathetic, Not Parasympathetic, Contributions. Cell Rep. 2017, 20, 3099-3112. [CrossRef]
Millard, D.C.; Wang, Q.; Gollnick, C.A.; Stanley, G.B. System identification of the nonlinear dynamics in the thalamocortical
circuit in response to patterned thalamic microstimulation in vivo. J. Neural Eng. 2013, 10, 066011. [CrossRef]

Chagas, A.M.; Theis, L.; Sengupta, B.; Stuttgen, M.C.; Bethge, M.; Schwarz, C. Functional analysis of ultra high information rates
conveyed by rat vibrissal primary afferents. Front. Neural Circuits 2013, 7, 190. [CrossRef]

Schwartz, O.; Pillow, ].W.; Rust, N.C.; Simoncelli, E.P. Spike-triggered neural characterization. J. Vis. 2006, 6, 484-507. [CrossRef]
Adelman, T.L.; Bialek, W.; Olberg, R.M. The information content of receptive fields. Neuron 2003, 40, 823-833. [CrossRef]
Stanley, G.B.; Li, EF; Dan, Y. Reconstruction of Natural Scenes from Ensemble Responses in the Lateral Geniculate Nucleus.
J. Neurosci. 1999, 19, 8036. [CrossRef]

Reinagel, P; Reid, R.C. Temporal coding of visual information in the thalamus. J. Neurosci. 2000, 20, 5392-5400. [CrossRef]
Rucci, M.; Ahissar, E.; Burr, D. Temporal Coding of Visual Space. Trends Cogn. Sci. 2018, 22, 883-895. [CrossRef] [PubMed]
Jones, L.M.; Depireux, D.A.; Simons, D.].; Keller, A. Robust Temporal Coding in the Trigeminal System. Science 2004, 304,
1986-1989. [CrossRef] [PubMed]

Reich, D.S.; Mechler, E; Victor, ].D. Temporal Coding of Contrast in Primary Visual Cortex: When, What, and Why. J. Neurophysiol.
2001, 85, 1039-1050. [CrossRef] [PubMed]

Barlow, H.B. Single Units and Sensation: A Neuron Doctrine for Perceptual Psychology? Perception 1972, 1, 371-394. [CrossRef]
[PubMed]

Luna, R,; Hernandez, A.; Brody, C.D.; Romo, R. Neural codes for perceptual discrimination in primary somatosensory cortex. Nat.
Neurosci. 2005, 8, 1210-1219. [CrossRef]

Bialek, W.; Rieke, E,; de Ruyter van Steveninck, R.R.; Warland, D. Reading a neural code. Science 1991, 252, 1854-1857. [CrossRef]
[PubMed]

Arabzadeh, E.; Panzeri, S.; Diamond, M.E. Deciphering the spike train of a sensory neuron: Counts and temporal patterns in the
rat whisker pathway. J. Neurosci. 2006, 26, 9216-9226. [CrossRef]

Stevens, C.F.; Zador, A. Neural coding: The enigma of the brain. Curr. Biol. 1995, 5, 1370-1371. [CrossRef]

Butts, D.A.; Weng, C.; Jin, J.; Yeh, C.-1.; Lesica, N.A.; Alonso, ].-M.; Stanley, G.B. Temporal precision in the neural code and the
timescales of natural vision. Nature 2007, 449, 92-95. [CrossRef] [PubMed]

Jadhav, S.P.; Wolfe, J.; Feldman, D.E. Sparse temporal coding of elementary tactile features during active whisker sensation. Nat.
Neurosci. 2009, 12, 792-800. [CrossRef] [PubMed]

Ainsworth, M.; Lee, S.; Cunningham, M.O.; Traub, R.D.; Kopell, N.J.; Whittington, M.A. Rates and rhythms: A synergistic view of
frequency and temporal coding in neuronal networks. Neuron 2012, 75, 572-583. [CrossRef]

Fetz, E.E. Temporal Coding in Neural Populations? Science 1997, 278, 1901-1902. [CrossRef] [PubMed]

Wyche, L.S.; O’Connor, D.H. Spike timing-based regulation of thalamocortical signaling. Neuron 2022, 110, 2707-2709. [CrossRef]
Bruno, R.M. Synchrony in sensation. Curr. Opin. Neurobiol. 2011, 21, 701-708. [CrossRef]

Wang, H.-P,; Spencer, D.; Fellous, ].-M.; Sejnowski, T.J. Synchrony of Thalamocortical Inputs Maximizes Cortical Reliability.
Science 2010, 328, 106-109. [CrossRef]

Temereanca, S.; Brown, E.N.; Simons, D.J. Rapid Changes in Thalamic Firing Synchrony during Repetitive Whisker Stimulation.
J. Neurosci. 2008, 28, 11153-11164. [CrossRef]

Zheng, H].V.; Wang, Q.; Stanley, G.B. Adaptive shaping of cortical response selectivity in the vibrissa pathway. J. Neurophysiol.
2015, 113, 3850-3865. [CrossRef]

Borden, P.Y.; Wright, N.C.; Morrissette, A.E.; Jaeger, D.; Haider, B.; Stanley, G.B. Thalamic bursting and the role of timing and
synchrony in thalamocortical signaling in the awake mouse. Neuron 2022, 110, 2836-2853.e2838. [CrossRef]

Bruno, R.M.; Sakmann, B. Cortex Is Driven by Weak but Synchronously Active Thalamocortical Synapses. Science 2006, 312,
1622-1627. [CrossRef] [PubMed]


https://doi.org/10.1038/nn1591
https://doi.org/10.1038/340715a0
https://www.ncbi.nlm.nih.gov/pubmed/1726028
https://doi.org/10.1038/297406a0
https://www.ncbi.nlm.nih.gov/pubmed/7078650
https://doi.org/10.1523/JNEUROSCI.1362-12.2012
https://www.ncbi.nlm.nih.gov/pubmed/22933804
https://doi.org/10.1126/science.7770778
https://www.ncbi.nlm.nih.gov/pubmed/7770778
https://doi.org/10.1038/nn.2670
https://www.ncbi.nlm.nih.gov/pubmed/21102447
https://doi.org/10.1016/j.celrep.2017.08.094
https://doi.org/10.1088/1741-2560/10/6/066011
https://doi.org/10.3389/fncir.2013.00190
https://doi.org/10.1167/6.4.13
https://doi.org/10.1016/S0896-6273(03)00680-9
https://doi.org/10.1523/JNEUROSCI.19-18-08036.1999
https://doi.org/10.1523/JNEUROSCI.20-14-05392.2000
https://doi.org/10.1016/j.tics.2018.07.009
https://www.ncbi.nlm.nih.gov/pubmed/30266148
https://doi.org/10.1126/science.1097779
https://www.ncbi.nlm.nih.gov/pubmed/15218153
https://doi.org/10.1152/jn.2001.85.3.1039
https://www.ncbi.nlm.nih.gov/pubmed/11247974
https://doi.org/10.1068/p010371
https://www.ncbi.nlm.nih.gov/pubmed/4377168
https://doi.org/10.1038/nn1513
https://doi.org/10.1126/science.2063199
https://www.ncbi.nlm.nih.gov/pubmed/2063199
https://doi.org/10.1523/JNEUROSCI.1491-06.2006
https://doi.org/10.1016/S0960-9822(95)00273-9
https://doi.org/10.1038/nature06105
https://www.ncbi.nlm.nih.gov/pubmed/17805296
https://doi.org/10.1038/nn.2328
https://www.ncbi.nlm.nih.gov/pubmed/19430473
https://doi.org/10.1016/j.neuron.2012.08.004
https://doi.org/10.1126/science.278.5345.1901
https://www.ncbi.nlm.nih.gov/pubmed/9417639
https://doi.org/10.1016/j.neuron.2022.08.003
https://doi.org/10.1016/j.conb.2011.06.003
https://doi.org/10.1126/science.1183108
https://doi.org/10.1523/JNEUROSCI.1586-08.2008
https://doi.org/10.1152/jn.00978.2014
https://doi.org/10.1016/j.neuron.2022.06.008
https://doi.org/10.1126/science.1124593
https://www.ncbi.nlm.nih.gov/pubmed/16778049

Biology 2024, 13,79 18 of 18

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Usrey, W.M.; Reppas, ].B.; Reid, R.C. Paired-spike interactions and synaptic efficacy of retinal inputs to the thalamus. Nature 1998,
395, 384-387. [CrossRef] [PubMed]

Dan, Y.; Alonso, ].-M.; Usrey, W.M.; Reid, R.C. Coding of visual information by precisely correlated spikes in the lateral geniculate
nucleus. Nat. Neurosci. 1998, 1, 501-507. [CrossRef] [PubMed]

Poulet, ].E.A.; Petersen, C.C.H. Internal brain state regulates membrane potential synchrony in barrel cortex of behaving mice.
Nature 2008, 454, 881-885. [CrossRef] [PubMed]

Rodenkirch, C.; Wang, Q. Rapid and transient enhancement of thalamic information transmission induced by vagus nerve
stimulation. J. Neural Eng. 2020, 17, 026027. [CrossRef] [PubMed]

Rodenkirch, C.; Carmel, J.B.; Wang, Q. Rapid Effects of Vagus Nerve Stimulation on Sensory Processing Through Activation of
Neuromodulatory Systems. Front. Neurosci. 2022, 16, 922424. [CrossRef] [PubMed]

Pinault, D.; Deschénes, M. Projection and innervation patterns of individual thalamic reticular axons in the thalamus of the adult
rat: A three-dimensional, graphic, and morphometric analysis. . Comp. Neurol. 1998, 391, 180-203. [CrossRef]

Cox, C.L.; Huguenard, ].R.; Prince, D.A. Heterogeneous axonal arborizations of rat thalamic reticular neurons in the ventrobasal
nucleus. J. Comp. Neurol. 1996, 366, 416—-430. [CrossRef]

Lee, S.M.; Friedberg, M.H.; Ebner, EF. The role of GABA-mediated inhibition in the rat ventral posterior medial thalamus. I.
Assessment of receptive field changes following thalamic reticular nucleus lesions. J. Neurophysiol. 1994, 71, 1702-1715. [CrossRef]
Avanzini, G.; de Curtis, M.; Panzica, E; Spreafico, R. Intrinsic properties of nucleus reticularis thalami neurones of the rat studied
in vitro. J. Physiol. 1989, 416, 111-122. [CrossRef]

de Biasi, S.; Frassoni, C.; Spreafico, R. GABA immunoreactivity in the thalamic reticular nucleus of the rat. A light and electron
microscopical study. Brain Res. 1986, 399, 143-147. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/26487
https://www.ncbi.nlm.nih.gov/pubmed/9759728
https://doi.org/10.1038/2217
https://www.ncbi.nlm.nih.gov/pubmed/10196548
https://doi.org/10.1038/nature07150
https://www.ncbi.nlm.nih.gov/pubmed/18633351
https://doi.org/10.1088/1741-2552/ab6b84
https://www.ncbi.nlm.nih.gov/pubmed/31935689
https://doi.org/10.3389/fnins.2022.922424
https://www.ncbi.nlm.nih.gov/pubmed/35864985
https://doi.org/10.1002/(SICI)1096-9861(19980209)391:2%3C180::AID-CNE3%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1096-9861(19960311)366:3%3C416::AID-CNE4%3E3.0.CO;2-7
https://doi.org/10.1152/jn.1994.71.5.1702
https://doi.org/10.1113/jphysiol.1989.sp017752
https://doi.org/10.1016/0006-8993(86)90608-6
https://www.ncbi.nlm.nih.gov/pubmed/3542127

	Introduction 
	Methods 
	Surgery and Electrophysiology 
	Reverse Correlation Analysis 
	Analyzing Optimality of Sensory Encoding Event Time Points 
	Decoding VPm Responses 
	Statistics 

	Results 
	Reliable Response of VPM Neurons to Tactile Stimulus 
	LC Stimulation-Modulated Temporal Structure of VPm Response to the Same Stimulus 
	Spikes within Emerged Events during LC Activation Transmitted More Information Than Spikes within Removed Events 
	The Reorganization of the Temporal Structure of VPm Events during LC Activation Favors Ideal Event Placement 
	LC Activation Improved Accuracy in Reconstructing the Original Tactile Stimulus from VPm Population Responses 

	Discussion 
	Conclusions 
	References

