




















therefore the associated bursting activity, the nonlinear propa-
gation of neural activity within the thalamocortical circuit
shifted from a facilitative dynamic in the anesthetized control
condition to a suppressive dynamic in the depolarized tonic
thalamic state condition.

DISCUSSION

Across nearly all sensory modalities, the thalamus is a
common stage of processing that links the peripheral sensory
world to the cortex. Before reaching the thalamus, sensory
information is transduced at the receptor and processed by a
diverse set of prethalamic circuits. For example, in the visual
system a significant amount of processing occurs at the periph-
ery, where photons are transduced into electrical signals
(Schnapf et al. 1990) before a network of excitatory and
inhibitory interactions in the retina shape information flow to
the visual thalamus (Laughlin 1987). In the somatosensory
pathway, the prethalamic processing is arguably less complex,
where mechanical deformations at the whisker follicle are
transduced by sensory neurons (Lottem and Azouz 2011) that
synapse directly in the brain stem before the sensory informa-
tion is transmitted to the thalamus (Diamond et al. 2008). The
first-order neurons in the vibrissa pathway encode an incredi-
bly precise representation of the relevant features of the whis-
ker movement (Bale et al. 2015; Jones et al. 2004) that is
transformed by the highly ordered brain stem circuitry (Sakurai
et al. 2013). Although not historically viewed as such, the
transformation from the brain stem to thalamus actually rep-
resents a significant stage of sensory processing (Sosnik et al.
2001). Therefore, observations of thalamic and cortical activity
are always confounded by prethalamic dynamics, making it
difficult to establish what happens where. Here we used a range
of experimental tools and compared response properties across
different conditions in the intact circuit in vivo, to ultimately
disentangle the simplest aspects of these observed dynamics.

Role of thalamic firing modes in thalamocortical informa-
tion transmission. It has long been hypothesized that the
distinct firing modes of thalamus, known as burst and tonic
firing modes, present a mechanism to differentially transmit
information to cortex. While the transition between firing
modes, or thalamic states, can be achieved through a variety of
natural and artificial mechanisms, the impact on information
transmission remains speculative. Before the development of
optogenetic tools, the primary method to control thalamocor-
tical state was through the activation of the natural neuromodu-
latory arousal mechanisms in the brain (Castro-Alamancos
2002; Goard and Dan 2009; Llinas and Steriade 2006). How-
ever, with the advent of optogenetics, it has become possible to
quickly and easily shift the thalamocortical state locally and
bidirectionally. Activating the reticular thalamus, or hyperpo-
larizing the thalamocortical projection nuclei of the thalamus,
increases both bursting activity in the thalamus and spindle
generation in the local field potential in cortex (Halassa et al.
2011). On the other hand, direct depolarization of the thalamus
causes the transition from burst to tonic firing rate (Whitmire et
al. 2016), producing the classically described desynchronized
state (Poulet et al. 2012). Yet in neither case has the effect on
the propagation of stimulus-evoked activity been quantified.
Here we directly tested the role of thalamic state in the
propagation of neural activity in response to thalamic micro-

stimulation during the tonic and burst firing modes of the
thalamus.

In the burst firing mode (i.e., the baseline anesthetized state),
thalamic microstimulation activated bimodal nonlinear cortical
dynamics with facilitation of subthreshold inputs and suppres-
sion of suprathreshold inputs in the cortical response. Artificial
stimulation of the thalamus causes extreme precision of the
thalamic spiking output relative to whisker-driven activity
(Millard et al. 2015). When considered across a population of
thalamic neurons, the extreme synchrony induced by artificial
stimuli enhances the strength of both the feedforward input to
cortex and the input to the feedback pathway with the nRT,
which is the only known source of inhibition to the VPm
(Pinault 2004). We propose that this strong synchronous acti-
vation of the nRT will elicit a robust inhibitory feedback
response to the VPm neurons. In the context of the paired-pulse
stimulus, this nRT-mediated inhibition will strongly hyperpo-
larize the VPm neurons shortly after the first stimulus, which
will prime the T-type calcium channels to open. The hyperpo-
larizing input from nRT will also activate h currents, which
will depolarize the neurons and prepare the thalamus to burst
(Lüthi and McCormick 1998). When the second stimulus
arrives 100–150 ms later, after the inhibition has decayed, the
current pulse will provide the necessary depolarizing input to
elicit a strong bursting response in the thalamic projection
neurons. The facilitation of bursting in response to the second
stimulus could therefore underlie the facilitation dynamic seen
in cortex. Recent biophysical modeling of the thalamocortical
circuit also suggests that feedback from nRT could provide a
mechanism for facilitated thalamocortical activation due to
low-threshold bursting for stimuli arriving at �10 Hz (Willis et
al. 2015). We directly tested the role of bursting in the
facilitation dynamic by optogenetically depolarizing the thal-
amus to reduce thalamic bursting, as we have done previously
(Whitmire et al. 2016). As predicted, the cortical facilitation
dynamics were eliminated in the depolarized thalamus condi-
tion. By directly depolarizing the VPm neurons, we propose
that we were able to counteract the stimulus-evoked inhibition
from nRT, preventing both the activation of h current and the
opening of the T-type calcium channels in response to the
second stimulus. This is consistent with previous work show-
ing a reduction in the paired-pulse facilitation of the cortical
response to thalamic microstimulation during natural transi-
tions of an awake animal between quiescent and active states
(Castro-Alamancos and Connors 1996b), which would pre-
sumably lead to a shift in thalamic state.

Importantly, a shift in thalamic state leads to a shift in the
overall amount of thalamic spiking activity. In the tonic mode,
the increased firing activity will likely cause any thalamocor-
tical synapses to be in a more depressed state and therefore
could play a role in the elimination of the facilitation dynamic
in the transition from burst to tonic firing. While we could not
control for the overall firing rates in the two thalamic firing
modes, we did perform an experiment to test the role of the
synapse state in the generation of the facilitation dynamic (Fig.
3D). In this paradigm, the cortical response to thalamic micro-
stimulation was compared between current pulses presented in
isolation and those preceded by a facilitating current pulse
amplitude (60 �A). When the pulse is presented in isolation,
the thalamus should be in the baseline anesthetized condition
(burst firing mode) such that the thalamocortical synapses are
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not predepressed. The cortical response to the facilitating
current pulse is minimal but still could potentially impact the
thalamocortical synapses, leading to a synaptically depressed
state. However, when the pulse was presented 150 ms after the
facilitating current pulse, the evoked cortical response was
facilitated across current amplitudes. Given that the thalamo-
cortical synapses were either in similar or slightly depressed
states relative to the stimulus isolation condition, this result
suggests that the facilitation dynamic cannot be attributed to
short-term depression dynamics. Furthermore, when optoge-
netics were used to modulate the state of the thalamus, the light
stimulus began at least 200 ms before the onset of the first
electrical stimulus in the paired-stimulus train. As such, the
thalamic neurons should have been optically depolarized, and
the synapses sufficiently depressed, at the time of the first
stimulus presentation. However, a comparison of the evoked
cortical response to the first electrical stimulus in the Baseline
and Depolarized conditions found no difference. This suggests
that it is the dynamics of this temporal pattern of stimuli that
elicits the facilitation dynamic. While the state of the synapse
at the time of stimulus arrival will certainly play a critical role
in whether or how that information is transmitted, and likely
underlies the paired-pulse suppression dynamics presented
here, it cannot explain the facilitation dynamic.

Alternative mechanisms that could underlie cortical facili-
tation dynamic elicited by artificial thalamic stimulation.
While we explicitly tested modulations to thalamic bursting as
a mechanism to explain the facilitation dynamics described
here, there are at least three alternative candidate mechanisms
through which the artificial stimuli could have recruited the
additional nonlinear dynamics: 1) simultaneous activation of
axons from the POm in the thalamus, which has been associ-
ated with the thalamocortical augmenting response (Castro-
Alamancos and Connors 1996b), 2) nonspecific circuit excita-
tion through artificial stimulation, or 3) preferential activation
of class II facilitating synapses that extend directly from VPm
to layer 2/3 cells (Viaene et al. 2011).

The thalamocortical augmenting response was originally
described more than 70 years ago (Dempsey and Morison
1943) but has more recently been studied in the rodent whisker
system (Castro-Alamancos and Connors 1996b). The augment-
ing response is characterized by progressive facilitation of the
cortical response to thalamic microstimulation for ISIs between
50 and 200 ms and has been shown to occur in the awake
animal (Castro-Alamancos and Connors 1996b). The exact
mechanism of the augmenting response is disputed, however,
with some pointing to cortical mechanism while others propose
that the dynamics are thalamic in origin. Principally, though,
the augmenting response is believed to be a product of bursting
thalamocortical recipient cells within layer 5 of cortex. In the
rodent vibrissa system, this has primarily been considered
through stimulation of the POm nucleus, which projects to
layer 5 of cortex as a part of the paralemniscal pathway,
whereas VPm primarily projects to layer 4 [although recent
evidence has also demonstrated direct projections from VPm to
layer 5 (Constantinople and Bruno 2013)]. Because of the close
proximity of POm and VPm, it is possible that thalamic
microstimulation recruited the augmenting response by acti-
vating POm axons passing through/near VPm. However, given
the observation of facilitated bursting in the VPm units, facil-
itation caused by optogenetic stimuli (which are believed to

stimulate axons to a lesser extent), and the elimination of
facilitation induced by electrical stimulation with modulation
of thalamic state (which would not directly impact the region
of tissue activated by electrical stimulation), the classical
augmenting response likely was not the primary mechanism of
the facilitation.

Although commonly used, electrical stimulation is non-
specific in its excitation such that antidromic activation is
possible. In the context of the facilitation dynamic explored
here, antidromic stimulation of cholinergic axons projecting
to thalamus could play an important role by subsequently
providing cholinergic activation to cortex. Cholinergic ac-
tivation has been shown to increase firing rates in the VPm
of the thalamus, which shifts the cortex into a desynchro-
nized state (Hirata and Castro-Alamancos 2010). At the
level of cortex, continuous optogenetic activation of the
basal forebrain led to an increase in both the spontaneous
and stimulus-evoked firing rate (Pinto et al. 2013). Further-
more, in conjunction with sensory stimulation, cholinergic
activation of cortex has been shown to facilitate the respon-
siveness to sensory inputs (Metherate and Ashe 1993).
However, in contrast to the prolonged cholinergic activation
used in these prior studies, our electrical stimulation of
thalamus provided brief (400 �s) stimuli that would limit
the temporal duration of any potential effects of cholinergic
axon activation. Furthermore, as described above, with
optogenetics the activation is restricted to neurons express-
ing the opsin (and therefore will not activate the nearby
terminals). Therefore the similarity in the evoked response
for both electrical and optical stimulation suggests that
antidromic activation of brain regions projecting to thala-
mus by electrical stimulation, such as cholinergic neurons in
the basal forebrain and brain stem, likely do not play a
significant role in the dynamics described here.

Direct synaptic connections from VPm to layer 2/3 have
recently been reported with facilitation properties such that
10-Hz stimuli delivered to VPm in vitro elicited facilitation
of the postsynaptic potential in the layer 2/3 neurons (Vi-
aene et al. 2011). This was in contrast to the synaptic
response in layer 4 neurons, which demonstrated suppres-
sion. While this may have played a role in the cortical
facilitation dynamic, the elimination of facilitation with
increased thalamic firing rates in VPm during optogenetic
depolarization suggests that facilitating synapses in L2/3
alone are insufficient to explain the observed trends. As
such, we propose that thalamic bursting coupled between
the VPm and nRT thalamic nuclei is the fundamental mech-
anism underlying the paired-pulse facilitation dynamic seen
for artificial stimuli.

Differential circuit activation by sensory and artificial
stimulation. The profound facilitation dynamics in cortex in
response to this paired-pulse paradigm were primarily re-
cruited by direct stimulation of the thalamic neurons. In
building a comparison between the sensory stimulation and
the artificial stimulation, we have recently published a fairly
extensive analysis of the evoked cortical response (Millard
et al. 2015). We found that both sensory and artificial
stimuli can elicit a full range of cortical response amplitudes
but that they differ in the variability of the evoked cortical
response. To identify a potential cause for this difference in
variability trend, we directly compared the thalamic re-
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sponse to a single optical stimulus and a single whisker
stimulus. We found that the optogenetic activation of the
thalamic neurons led to a highly precise spiking response,
which we modeled as a potential factor underlying the
variability trends seen cortically. In this work, we hypoth-
esized that synchronous activation of the thalamic neurons
by the optogenetic activation (and likely the electrical stim-
ulation) provided a strong input to the reticular thalamus
(nRT), which facilitated bursting in response to the second
stimulus, whereas the effects of whisker stimulation were
confounded by prethalamic processing. Prethalamic pro-
cessing represents an important stage of encoding in the
whisker pathway that is not activated by direct thalamic
stimulation. While some individual trials showed facilita-
tion, whisker stimulation primarily led to suppression dy-
namics in the cortical response. However, the dynamics of
the whisker to barreloid response are difficult to separate
from the thalamocortical dynamics we sought to quantify
here, leading to uncertainty about the source of the suppres-
sion dynamic seen for sensory stimulation. A particularly
relevant candidate mechanism is depression at the trigemi-
nothalamic synapse (Deschênes et al. 2003) such that the
synaptic drive in thalamus in response to the second sensory
stimulus would be lower than the synaptic drive in response
to the first sensory stimulus, leading to suppression dynam-
ics before the signal even reaches thalamus. Importantly,
synaptic depression is particularly salient in the anesthetized
animal, where spontaneous firing rates are considerably
lower than in the awake animal (Borst 2010; Reinhold et al.
2015). We propose that the response to each whisker stim-
ulus in the paired-pulse train likely elicits different re-
sponses at the level of the thalamus due, at least in part, to
the synaptic depression dynamics that cannot be decoupled
from the thalamocortical processing. Direct stimulation of
the thalamic neurons using artificial stimulation techniques
allowed us to override any potentially suppressive dynamics
that occur in prethalamic processing to focus on the dynam-
ics established in the thalamocortical processing. In this
restricted paradigm, we were able to recruit profound facil-
itation dynamics. However, the 150-ms ISI that demon-
strated cortical facilitation in response to artificial thalamic
activation here has also been identified as relevant from
extracellular recordings from cortical layer 4 in response to
time-varying pairs of whisker stimuli (Boloori et al. 2010;
Boloori and Stanley 2006; Webber and Stanley 2004).
Rather than simply showing a monotonic recovery from
suppression in the cortical spiking activity with increasing
duration between the first and the second whisker stimulus,
the equivalent measures of PPR in these studies had a local
maximum at stimulus intervals of 100 –150 ms for different
whisker deflection directions (Webber and Stanley 2004)
and different stimulus velocities (Boloori et al. 2010). These
results suggest that the temporal spacing of stimulus pat-
terns is critical in shaping the neural dynamics of the
sensory pathway and that this 100- to 150-ms ISI is critical
for sensory information transmission. When the sensory stim-
ulus pattern is expanded to include a third whisker stimulus,
the cortical response can demonstrate facilitated spiking as the
dynamics interact to drive a “suppression of suppression”
(Boloori and Stanley 2006; Webber and Stanley 2006).
When extended to even more complex patterns of stimula-

tion, this can create fairly complex, yet reliable response
patterns. While the prethalamic processing may restrict the
intensity of the facilitation dynamic seen cortically in re-
sponse to two whisker stimuli, these complex interactions
across more naturalistic stimuli could provide a mechanism
to facilitate information that arrives to thalamus at a fre-
quency of �10 Hz. In the vibrissa pathway, this stimulus
frequency becomes very relevant where active sensing is
achieved through sweeping whisking motions at 5–15 Hz
(Berg and Kleinfeld 2003).

In probing neural circuits, simple paired-pulse paradigms have
built the foundation for our understanding of more complex
sensory-evoked cortical dynamics (Simons 1985). Here, using a
combination of optogenetic thalamic state modulation and elec-
trical paired-pulse stimulation of thalamus, we have identified the
bursting dynamics of the thalamic circuitry as a potential mech-
anism to facilitate information transfer to cortex. While these
thalamic state transitions are not entirely understood, it is evident
that thalamic state transitions can occur rapidly as a function of
both sensory input and neuromodulatory influences. Combined
with the continuous nature of arriving sensory inputs, the rapid
state transitions may selectively facilitate the transmission of
information related to particular patterns of sensory inputs over
this timescale. The simple dynamic interaction identified here
must be expanded to incorporate the temporal interactions across
stimuli that capture the interplay between excitatory and inhibi-
tory circuitry as the patterns of stimuli become increasingly
complex (Boloori et al. 2010). When combined with the state
dependence of the neural dynamics, temporal patterns of stimu-
lation are capable of eliciting diverse cortical responses, which are
ultimately the likely substrate upon which sensory percepts are
built.
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