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Abstract
The basal ganglia (BG) recipient thalamus controls motor output but it remains unclear how its
activity is regulated. Several studies report that thalamic activation occurs via disinhibition during
pauses in the firing of inhibitory pallidal inputs from the BG. Other studies indicate that thalamic
spiking is triggered by pallidal inputs via post-inhibitory ‘rebound’ calcium spikes. Finally
excitatory cortical inputs can drive thalamic activity, which becomes entrained, or time-locked, to
pallidal spikes. We present a unifying framework where these seemingly distinct results arise from
a continuum of thalamic firing ‘modes’ controlled by excitatory inputs. We provide a mechanistic
explanation for paradoxical pallidothalamic coactivations observed during behavior and raise new
questions of what information is integrated in the thalamus to control behavior.
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Introduction
The basal ganglia (BG) integrates information from a wide array of cortical, thalamic and
brainstem inputs, and subsequently influences motor circuits through two major output
pathways–a direct projection to brainstem circuitry, and a distinct projection to several
nuclei in the motor thalamus [1–3]. Motor thalamus in turn projects widely to frontal and
motor cortical areas (Figure 1A) [4, 5]. While much progress has been made in
understanding how the BG may influence actions through the projection to behavior-
generating circuits in the brainstem [6–8], less is known about how the basal ganglia
influences motor behavior and learning through the thalamocortical output pathway [9, 10].

The BG-thalamic circuit is evolutionarily conserved [11, 12] (Figure 1). Across a wide range
of behavioral paradigms and mammalian model systems thalamic lesions cause severe
deficits in motor initiation, control and learning [13–17]. Furthermore, most thalamic
neurons exhibit behavior-locked firing patterns, including brisk peaks in activity
immediately prior to movement onsets (Figure 2B) [18–22]. We have recently found similar
results in songbirds. Lesions of a song-related thalamic nucleus (DLM, dorsolateral nucleus
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of the anterior thalamus) abolish exploratory vocalizations (babbling) and learning in
juvenile birds [23]. Furthermore, DLM neurons exhibit pronounced peaks in firing
immediately prior to syllable onsets during vocal babbling (Figure 2B) [24]. Together, these
findings support the idea that the BG-recipient thalamus plays a critical role in activating
motor cortical areas that generate movement or - in the songbird - that generate exploratory
vocal gestures.

Here we aim to clarify how thalamus integrates inhibitory inputs from the BG and excitatory
inputs from cortex. First, we briefly review what may have been considered three mutually
exclusive perspectives of BG-thalamic transmission: disinhibition, rebound and entrainment.
Next, we highlight recent mathematical simulations showing that rebound, disinhibition and
entrainment are not actually incompatible aspects of thalamic function. Instead, they arise
from distinct firing states, or ‘modes’ of operation of the thalamic neuron. We use the term
‘mode’ to indicate a case where a single neuron can exhibit distinct firing patterns
depending on conditions [25], and we suggest that neurons in the BG-recipient thalamus
operate in rebound, gating, or entrainment mode depending on their excitability.
Excitability, in turn could be controlled by the level of activation provided by
neuromodulatory or cortical inputs. Finally, we synthesize recent findings from songbird,
rodent and primate model systems–all of which point to the BG as a site where context,
reward, and motor signals are integrated to produce learning. Notably, we highlight that, to
our knowledge, none of these model systems has identified a role for the corticothalamic
projection in these functions, and we propose testable hypotheses for future studies.

BG-Thalamic Disinhibition and Gating
What are the origins of thalamic premotor signals? One simple yet enduring idea is based on
the observation that BG output neurons in the internal segment of the pallidum (GPi) and the
substantia nigra pars reticulata (SNr) are GABAergic and tonically active, and they exert
powerful inhibition of thalamic activity [25–27]. This inhibition is thought to suppress
thalamic firing, thereby preventing movement initiation [28–30]. (For simplicity, we will
lump GPi and SNr outputs together, and refer to both as ‘pallidal’, but there may be
important differences in the way GPi and SNr outputs act on their thalamic targets).

Of course, the pallidal inhibition of thalamic activity is not fixed, but can be modulated by
one or more inputs onto pallidal neurons. For example, activation of glutamatergic neurons
in the subthalamic nucleus or of indirect pathway striatal neurons can cause an increase in
tonic spiking of pallidal neurons, thus increasing the inhibition of the thalamus [31, 32]
(Figure 1). Alternatively, activation of direct-pathway striatal neurons can cause a ‘pause’ in
the tonic spiking of pallidal neurons, releasing the thalamic neurons from inhibition [33–36].
This process, referred to as ‘disinhibition’, produces a thalamic firing pattern that is typically
depicted as the inverse of the pallidal firing rate: low thalamic activity results from high
tonic pallidal firing, and high thalamic activity results from ‘pauses’ in pallidal input (Figure
1; Figure 2A).

There are also direct excitatory inputs to the BG-recipient thalamus, which arise from the
cerebral cortex [4, 38–42]. Thus, motor thalamus need not simply ‘invert’ pallidal firing
rate. Rather, the excitatory cortical drive may represent a signal to be transmitted to frontal
and motor cortical targets [43]. In this view, high rates of tonic pallidal firing could block
this signal, while pallidal pauses would open the thalamic ‘gate,’ allowing cortico-
thalamocortical signals to pass [43]. This gating mechanism endows BG outputs with
temporal control of thalamic transmission without necessarily defining the details of the
transmitted signal [33, 44].
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A simple understanding of disease pathogenesis and motor control emerges from
pallidothalamic disinhibition and gating [46]. First, hypokinetic diseases such as Parkinson’s
are thought to result from excess pallidal suppression of thalamus, and the subsequent
inability to initiate movement. Hyperkinetic diseases such as Huntington’s may arise from
insufficient pallido-thalamic suppression, resulting in thalamic hyperactivity and movement
excess [31]. Second, direct and indirect BG pathways have opposing actions on movement:
activation of direct pathway medium spiny neurons (MSNs) should promote movement and
relieve Parkinsonism, while activation of indirect pathway MSNs—which indirectly activate
pallidal outputs—should suppress movement initiation [28, 29, 46]. While a recent study in
which these distinct striatal pathways were optogenetically manipulated in behaving mice
has supported this basic framework [47], other findings suggest a more complicated picture.
For example both direct and indirect pathways can be coactivated during movement
initiation [49], and Parkinsonism is not reliably associated with increased activity of BG
outputs, nor a corresponding decrease in the activity of target thalamocortical networks [50–
52]. For more extensive discussion of BG pathophysiology, see [53–55].

Another clear prediction of disinhibition and gating is that increased thalamic activity at
movement onsets should be produced, or at least permitted, by a corresponding decrease in
pallidal firing [56]. However, in contrast to this prediction, studies of pallidal activity in
behaving animals have reported that most pallidal neurons also exhibit rate increases at
movement onsets [20, 24, 57–62], often in the exact same behavioral tasks where thalamic
neurons exhibit rate increases. Thus pallidal neurons and the thalamic neurons they inhibit
appear to exhibit ‘paradoxical co-activation’ at movement onset (Figure 2C). One possible
explanation for this finding is that pallidal and thalamic neurons exhibiting rate increases
could be in different motor ‘channels.’ In other words, it is possible that pallidal neurons
exhibiting a rate increase could cause the firing rate decrease observed in a small fraction of
thalamic neurons [52, 55], and the minority of pallidal neurons exhibiting a firing rate
decrease could cause the firing rate increase observed in most thalamic neurons. [33, 34, 36,
56]. Another possibility is that pallidal and thalamic activity within a single motor channel
really are coactive, but that some mechanism, beyond the simple view of GABA-mediated
synaptic inhibition, permits or drives thalamic neurons to spike in the presence of increased
pallidal activity at movement onset.

The Rebound Mechanism
The best way to understand the relation between thalamic activity and its pallidal inputs is to
record simultaneously from a thalamic neuron and its presynaptic pallidal input. This was
first accomplished in anesthetized songbirds, where simultaneous pallido-thalamic
recordings are possible because each thalamic neuron is innervated by a single pallidal axon
terminal large enough to be recorded extracellularly [65]. Thus, both pallidal axon and
thalamic somatic spikes can be observed at the end of the same electrode. In anesthetized
birds it was observed that auditory playback of birdsong causes an increase in the firing rates
of both thalamic neurons and their connected presynaptic pallidal input [65]. Thalamic
spiking was preceded by rapid acceleration-deceleration of pallidal firing rate, and occurred
even after blockade of glutamatergic synaptic transmission in DLM [58, 59], suggesting that
thalamic spiking was driven by intrinsic conductances interacting with the fluctuating
pallidal inputs [57, 59, 60]. Indeed, studies in brain slice directly showed that pallidal rate
increases caused thalamic hyperpolarization and de-inactivation of thalamic low threshold
T-type calcium channels, which in turn drove post-inhibitory rebound spikes during a
subsequent pallidal pause [66]. Thalamic activity was driven, counterintuitively, by the
inhibitory pallidal inputs themselves. Moreover, Person and Perkel (2005) showed that
pallidal IPSPs can drive rebound spiking at rates above 15 Hz and with pallido-thalamic
spike latencies shorter than 15 milliseconds at temperatures considerably below body
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temperature [66]. Our biophysical model of this pallidothalamic interaction with kinetics
and conductances scaled up to songbird body temperature (41°C) demonstrated rebound
spiking at nearly 30 Hz when given a realistic pattern of pallidal input in the absence of any
glutamatergic input [69]. Thus ‘rebound mode’ of thalamic activation could in principle
contribute to thalamic activation during pallidal rate increases [65].

Cortical activation of BG-recipient thalamus
In the rebound model, thalamic premotor signals are primarily patterned by pallidal inputs.
In contrast to this prediction, however, thalamic onset signals during primate reaching [70]
and during songbird vocal babbling [24] persist after ablation of pallidal inputs, suggesting
that non-pallidal inputs may be sufficient to drive the thalamic premotor activity (Figure
2D). Songbirds, like mammals, also have a direct cortical projection to the BG-recipient
thalamus [62, 63], and we hypothesized that this projection may drive song-locked thalamic
signals. Recordings in the singing bird revealed that antidromically-identified
corticothalamic neurons exhibited the exact same pattern of firing-rate increases prior to
syllable onsets as thalamic neurons (Figure 2D, blue trace). Furthermore, both cortical and
downstream thalamic neurons exhibited a dramatic increase in firing rate during singing
compared to periods of non-singing [24]. These and other experiments demonstrated that
cortical inputs could drive thalamic premotor signals, and at least in the songbird, explained
how thalamic neurons acquire syllable-related modulation. Specifically, during the transition
to singing and also immediately prior to syllable onsets, thalamic neurons, their inhibitory
pallidal inputs, and their excitatory cortical inputs all increased their firing rates at the same
time (Figure 2E).

These findings highlight the puzzling nature of BG output. Why do pallido-thalamic co-
activations occur? Do they occur in the same BG-thalamic ‘channel?’ What effect does
balanced pallidal inhibition and cortical excitation have on thalamic spiking? Addressing
these questions requires examination of the pallidothalamic interaction on a fast, spike-by-
spike basis within synaptically-connected pairs of pallidal and thalamic neurons. It also
requires studying this interaction across different levels of corticothalamic activation. To
achieve this, we recently recorded from pallido-thalamic connected pairs in awake, singing
and non-singing birds [24, 69] (Figure 3). During non-singing epochs, thalamic neurons
fired at high rates (~60Hz), while their pallidal inputs discharged at rates of ~150Hz.
Remarkably, in the few hundred milliseconds prior to the onset of a song bout, these
thalamic neurons increased their firing rate to roughly 100Hz, even while the synaptically-
connected pallidal input ramped up to over 250 Hz firing rate. In addition to this pallido-
thalamic coactivation at the transition from singing to non-singing, a similar phenomenon
was observed at syllable onsets (Figure 2E). As described earlier, all thalamic (DLM)
neurons recorded during subsong ‘babbling’ exhibited a brisk rate increase prior to syllable
onsets (Figure 2B) and nearly all pallidal inputs to DLM exhibited a coincident syllable-
onset peak (Figure 2C). Notably, no DLM neurons exhibited a decrease in activity at
syllable onsets. Clear paradoxical coactivation of pallidal inputs with their thalamic targets
was observed even in cases where these signals were recorded simultaneously as a
synaptically-connected pair. These findings conclusively demonstrated that coactivation of
pallidal and thalamic neurons can indeed occur within the same pallidothalamic motor
‘channel’.

High Frequency Entrainment of thalamic neurons by basal ganglia outputs
How does this co-activation occur? Why don’t pallidal inputs more effectively suppress
thalamic spiking? Do pallidal inputs really produce an effective inhibition of thalamic
neurons, or do they contribute to increased thalamic spiking, perhaps by the post-inhibitory
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rebound mechanism observed in anesthetized birds? Close examination of the connected
pallidal and thalamic spike trains recorded in singing birds answered these questions, ruled
out the rebound mechanism and revealed several novel aspects of the pallidothalamic
interaction. First, pallidal inputs were strongly inhibitory. Each pallidal spike resulted in a
powerful pulse of inhibition that completely suppressed thalamic spiking (Figure 3B–C).
The duration of this inhibitory pulse was extremely brief (~5 ms) and relatively fixed, such
that thalamic spikes were reliably time-locked to the preceding pallidal spike (Figure 3C).

If a pallidal interspike interval is too short—that is, if the next pallidal spike arrives before
the end of the inhibitory pulse—then the thalamic neuron cannot spike in that interval. If the
next pallidal spike arrives just after the end of the inhibitory pulse, then the thalamic neuron
generates a single spike at a precise time relative to the preceding pallidal spike. This
effectively sets a well-defined ‘threshold’ for the pallidal ISI duration above which the
thalamic neuron is permitted to spike (blue arrow, Figure 3C). For pallidal ISIs much longer
than the inhibitory pulse, the thalamic neuron can spike multiple times, and we found that
this discharge happens at fixed intervals until the next pallidal spike arrives. In other words,
thalamic neurons fire at relatively fixed rates within pallidal ISIs. In the singing bird, the
duration of the inhibitory pulse and the typical pallidal interspike interval were closely
matched, such that thalamic neurons typically generated spikes within a significant fraction
(~20%) of pallidal ISIs. The high rate of thalamic spiking, together with the precise
temporal locking of the thalamic spikes to the pallidal spike train suggested the terminology
‘high-frequency entrainment’ (HFE) for this mode of pallido-thalamic interaction [69].

Importantly, neither the duration of the pallidal inhibitory pulse, nor the rate of subsequent
thalamic discharge within a pallidal ISI, exhibited any dependence on neural activity
preceding the most recent pallidal spike. This lack of history dependence is important for
several reasons. First, because of the slow voltage-dependent kinetics of T-type calcium
channels, it is not compatible with rebound spiking, which depends strongly on the prior
modulations in pallidal firing rates. Second, it suggests that each pallidal spike ‘resets’ the
thalamic neuron, erasing the impact of recent neural events. It follows that each pallidal ISI
functions as a discrete ‘unit’ of BG output.

We suggest that the essence of the BG-thalamic interaction in the behaving bird can be
described by the relation between the number of thalamic spikes that discharges within a
pallidal interspike interval, as a function of duration of that interval. We find that this
relation is simply a threshold-linear function of the pallidal ISI duration (Figure 3D) [69].
The x-intercept of the relation is the ‘threshold’ pallidal ISI duration set by the pulse of
pallidal inhibition. The slope of the linear relationship is set by the rate at which thalamic
spikes tonically discharge within pallidal ISIs (Figure 3D).

Comparing the timescales of the pallidothalamic interaction across singing and nonsinging
illustrates how excitatory inputs to the thalamus (from cortical areas and perhaps elsewhere)
modulate the thalamic response within pallidal ISIs. During singing, thalamic neurons
recovered from the pulse of pallidal inhibition more rapidly than during non-singing, and
thus the ‘threshold’ pallidal ISI duration at which the thalamic neuron begins to spike was
lower (shifting the x-intercept to the left, Figure 3G). Greater excitatory inputs during
singing also increased the rate of thalamic tonic discharge within each pallidal ISI,
increasing the slope of the relation (Figure 3G).

Together, these findings suggest that the three modes of BG-thalamic interaction: gating,
rebound and entrainment are simply determined by the amount of excitation that the
thalamic neuron receives. To test this idea, we constructed a biophysically inspired thalamic
neuron and simulated the thalamic response to a pallidal spike train in three conditions of
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excitatory input: zero, intermediate and high levels of glutamate conductance. By changing
this one parameter, we were able to capture the essential features of all BG-thalamic models
under consideration: rebound, gating, and entrainment (Box 1).

Box 1

Motor thalamic integration of BG and cortical inputs: a unified view

A biophysical simulation of a thalamic neuron exhibits rebound, gating, and entrainment
modes of BG-thalamic transmission, depending on the excitatory conductance. Different
modes may predominate depending on behavioral state, e.g., rebound mode during sleep
and entrainment mode during waking behavior. We illustrate the excitatory control of
transmission mode by providing the simulation with the same pattern of GABAergic
pallidal input (Box 1A, a single powerful presynaptic unit) while varying the excitatory
conductance (intended to represent the action of a large number of weak, asynchronously
firing glutamatergic inputs). All thalamic spiking in this figure was derived from
simulated thalamic neuron; for more details see (Goldberg et al, 2012).

With no excitation, pallidal IPSPs leaves the cell at a hyperpolarized potential that allows
T-type Ca2+ channels to recover from inactivation. During a pallidal pause,
depolarization is initially driven by HCN currents, but T-type channels take over as the
membrane potential enters their activation range, until the threshold for Na+ spikes is
reached (‘rebound mode,’ Box 1B). Rebound spikes occur during long pallidal ISIs and
are facilitated by a preceding increase in pallidal firing rate (Box 1B) that increases
hyperpolarization and decreases T inactivation. This feature makes rebound responses
depend on the recent history of pallidal input as well as the current level of pallidal
inhibition. Because rebound firing depends on hyperpolarization, longer pallidal ISIs will
not generate more thalamic spikes beyond the initial burst.

At intermediate levels of glutamatergic drive, thalamic activity remains strongly
suppressed by pallidal inhibition but can be driven by excitatory inputs during pallidal
pauses (‘disinhibition/gating mode,’ Box 1B). In contrast to rebound mode, longer
pallidal pauses permit more thalamic spikes, and the number of thalamic spikes that
discharge in a pause is determined by the strength of glutamatergic input (Box 1B).

The third mode of BG-thalamic transmission, high frequency entrainment (Box 1D),
occurs at high levels of glutamatergic inputs when pallidal ‘pauses’ are no longer
necessary for thalamic spiking, such that both pallidal and thalamic neurons fire together
at high rates (as in Figure 3). Here, the thalamic membrane potential trajectory is
dominated by synaptic currents and is largely stereotyped following pallidal IPSPs.
Consequently, we named this mode high frequency entrainment because thalamic spikes
become entrained to preceding pallidal spikes with submillisecond precision, and this
precision of results from the strength and uniformity of the single powerful IPSP
interacting with a very large glutamate conductance. The effect of the glutamatergic
conductance (not the pallidal input) is to set the latency of the pallidal inhibition (yellow
bar, Figure 3B) and the number of thalamic spikes that occur in each pallidal ISI (i.e. the
threshold and slope of the curve in Figure 3G, respectively).

In summary, rebound mode spiking is driven by intrinsic thalamic conductances and
occurs at very low levels of thalamic excitation. Disinhibition mode spiking is driven by
glutamatergic inputs, but still requires ‘release’ from pallidal inhibition and occurs during
pauses. As excitation increases, pauses are no longer necessary and thalamic spikes
become entrained, rather than completely suppressed, by pallidal inputs. Note that there
is no discrete boundary between gating and entrainment modes; they represent ends of a
continuum of thalamic activation that gives rise to qualitatively different firing patterns.
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Given the extent to which thalamic excitability fluctuates across behavioral states, we
hypothesize that all of these modes may be important for organismal function.

In summary, the BG-recipient thalamus is a critical node within the BG-thalamocortical loop
important for motor control and learning. Thalamic neurons frequently exhibit movement
onset-related signals, and it has been suggested that pallidal inputs play a primary role in
shaping thalamic firing. Paradoxically, pallidal inputs tend to exhibit the same modulations
as their thalamic targets, suggesting that they may actually oppose movement-locked
thalamic activation, rather than facilitate it (Figure 2). This coactivation does not fit well
with current conceptions of the function of BG outputs on motor thalamus, particularly those
based on action selection via disinhibition and gating. An important way forward might be
to better understand the corticothalamic inputs, which may drive movement related signals
and mediate transitions between rebound [65–68], gating [26, 34, 37] and entrainment [24,
69] modes. While the mechanisms underlying thalamic activation have been clarified, the
specific information carried by signals converging in the BG-recipient thalamus remains as
mysterious as ever. Below we review five key questions that must be resolved to provide a
fuller understanding of the organization and functions of this circuit.
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Five open questions of BG -thalamic function
First, by what mechanisms do pallidal and corticothalamic neurons exhibit similar
movement-locked firing patterns? One possibility is that the cortical regions that directly
activate the thalamus also indirectly inhibit thalamus by activating BG outputs. For example,
in the song system, HVC and LMAN are two cortical premotor nuclei that also exhibit
syllable-locked firing, including activations at syllable onsets [73]. These nuclei send an
excitatory projection directly to BG outputs and also to the region in the motor cortical
nucleus where corticothalamic neurons reside [74, 75] (Figure 1, blue traces; Figure 2E).
While the functional anatomy in mammals is more complicated [76], cortical neurons
projecting into the hyperdirect pathway can activate BG output neurons via the subthalamic
nucleus (STN) [32]. Less well known is that these cortical inputs to the hyperdirect pathway
can also project directly to the BG-recipient thalamus [77, 78] and that cortical stimulation
simultaneously activates both the thalamic neurons and, through the hyperdirect pathway,
their pallidal inputs [79]. Thus, temporally-matched modulation of pallidal and
corticothalamic neurons could simply be a natural consequence of the circuit connectivity.
Testing these ideas will require combining novel multi-site recording approaches [80–82],
with antidromic or optogenetic identification of thalamus-projecting neurons in the BG and
cortex [83]. These studies may elucidate how signals propagate through multiple pathways
through the BG to the thalamus during behavior.

Second, what are the functions of spike timing in normal BG function? We have suggested
that excitation and inhibition are temporally matched in the thalamus, which may ensure
control of spike timing [84, 85], In singing birds, thalamic spikes are time-locked to pallidal
spikes with submillisecond precision [24], and in mammals BG neurons exhibit temporally
precise spikes in relation to brief population bursts that occur at specific times in behavioral
tasks [86, 87]. In addition, BG disease is associated with abnormal oscillations and network
synchrony [54, 55, 88, 89], but the link between abnormal timing and motor dysfunction
remains unclear. Future studies are required to test by what mechanism spike timing could
be important. One possibility is that thalamo-recipient cortical neurons are sensitive to
synchrony in their thalamic inputs [90, 91], in which case the BG could control which
ensembles of thalamic neurons are synchronous at any given time, which could in turn
determine which cortical neurons are activated from one brief moment to the next. Of
course, it is also possible that cortical neurons are simply dependent on the firing rates of
their thalamic inputs. To test these and other hypotheses, it will be necessary to record from
and manipulate populations of cortical neurons and their thalamic inputs to assess what
types of firing patterns propagate to target structures.

Third, what functions are served by the convergence of multiple pallidal inputs to single
thalamic neurons? In mammals each neuron in the BG-recipient thalamus is innervated by
several pallidal inputs [105, 106], whereas in songbirds each DLM neuron is innervated by a
single pallidal ‘calyceal’ axon terminal [107]. This may explain why thalamic neurons
discharge at lower rates in mammals than in songbirds–because thalamic firing might be
more strongly suppressed by the joint action of convergent pallidal inputs. Convergence of
multiple pallidal inputs also suggests that thalamic firing in mammals may not be as
dependent on the duration of individual pallidal ISIs. Instead, thalamic spiking may be
sensitive to the time elapsed since a spike in any of its pallidal inputs. If this is the case, then
synchronization of pallidal activity will have a substantial impact on thalamic spiking and
even on the thalamic firing mode, independent of pallidal firing rate [101]. This may explain
why pathological synchronization of BG outputs, such as in Parkinsonism, is associated with
abnormal thalamic firing and behavior [98]. Further exploration of how DBS influences
pallidal synchronization and thalamic firing is necessary.
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Fourth, how do the different BG-thalamic firing modes (Box 1) relate to disease
pathogenesis? For example, BG-recipient thalamus is the target of several neuromodulatory
systems, including dopamine, and these inputs are lost in Parkinson’s [92–94]. Because
neuromodulators powerfully regulate thalamic excitability [95], they are poised to influence
thalamic membrane potential and thus the mode of BG-thalamic transmission. For example,
thalamic rebound bursting is associated with low cholinergic and catecholaminergic tones
which occur during low arousal states such as drowsiness or sleep [95, 96], and rebound-like
bursts are observed in the BG-recipient thalamus of drowsy animals [97], but less-so during
behavioral tasks [18–20]. This suggests an underappreciated importance of neuromodulators
acting in the motor thalamus to control motor function. Interestingly, abnormal,
synchronized rebound burst events are also observed in pairs of thalamic neurons recorded
in Parkinsonian animals [98, 99], and theoretical studies suggest that abnormal rebound
mode spiking may result in akinesia, tremor, and reduce the fidelity of cortico-
thalamocortical transmission [44, 100–104]. If neuromodulators can indeed switch the
thalamus between rebound, gating and entrainment modes, then they could constrain how
the BG influences behavior, and could contribute to disease states. Given their potential
importance, remarkably little is known about the functions of neuromodulation in BG-
recipient thalamus. Simple experiments in brain slice could identify the neuromodulators
that regulate thalamic neurons, and these experiments could be followed up with
manipulation of neuromodulator levels in the thalamus during behavior.

Finally, what are the specific functions of the cortical projections to the BG-recipient
thalamus? This projection remains mysterious even though functions of circuits upstream of
BG outputs are relatively well understood (see [108–110]). In a variety of model systems,
including songbirds and humans, BG lesions block the behavioral improvements that
normally come with practice [108, 111, 112], and it is widely believed that the BG
implement reinforcement learning to mediate the acquisition of motor skills [8, 113, 114].
More specifically, there is evidence that the BG provides the thalamus with a premotor
signal that biases motor output towards improved performance [8, 62, 110, 115–118]. The
end result of learning is, in essence, taking the right action in the right context (or at the right
time in a motor sequence) [119], and most models of BG-dependent learning have focused
on the role of dopamine-dependent plasticity on striatal medium spiny neurons [109, 120,
121]. Within this framework, we hypothesized that striatal MSNs integrate contextual
(timing), efference copy and reward signals to learn to bias the production of the appropriate
vocal gesture at the appropriate time in the song, and the same model was extended to
explain stimulus-response learning in mammals [122]. Yet strikingly, to our knowledge, no
models of BG-dependent learning incorporate a specific function for the corticothalamic
projection. One possibility is that it provides an additional contextual signal about ongoing
motor output. For example, premotor bias in birdsong can be generated at precise times in
the song sequence [123], and the corticothalamic projection contains song timing
information [24] that could exert temporal control over motor output [124]. The
corticothalamic projection might also contain an efference copy signal important for
learning [124]. Yet another possibility is that the corticothalamic projection controls the gain
at which thalamus-dependent behaviors are expressed. For example, in the songbird, the
thalamic nucleus DLM is required for the active generation of vocal variability [23]. Thus, if
the cortical inputs to DLM are efference copy of descending motor signals, then they could
ensure that the amount of variability generated by DLM (and/or its cortical target nucleus
LMAN) is commensurate with the demands of the ongoing behavior. For example, the
amount of variability injected into a tennis forehand must be greater than a ping pong
forehand. Clearly, future studies in both songbirds and mammals will help to test these and
other hypotheses. An important first step will be to directly manipulate the activity of
corticothalamic projections during behavior to examine its influence over motor variability
and learning.
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Highlights

• We review disinhibition, rebound and entrainment modes of basal ganglia
output.

• We propose a unifying framework for three types of basal ganglia–thalamic
transmission.

• We propose a resolution to the paradox of pallido-thalamic coactivation.

• Excitatory inputs to the thalamus determine the mode of the thalamic firing.

• Pallidal interspike intervals are discrete units of basal ganglia output.
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Figure 1. Basal ganglia thalamocortical loops are evolutionarily conserved
In songbirds and mammals, the BG is situated in a thalamocortical loop. Songbirds also
have the same major striatal cell classes observed in mammals (not shown) as well as direct
and indirect pathways through pallidal neurons analogous to internal and external pallidal
segments of primates (GPi and GPe, respectively). Dashed blue lines show hyperdirect
pathways connecting cortical areas to BG output (GPi) neurons. This pathway causes
inhibition of thalamus. Solid blue lines show pathways connecting cortical areas directly to
thalamus. This pathway causes excitation of thalamus. We hypothesize that this subcircuit
might ensure that excitation and inhibition of thalamus are temporally matched; these
convergent pathways could also drive paradoxical pallido-thalamic co-activations observed
across behaviors and model systems. Note that the singing-related portion of the songbird
BG lacks a homolog of the mammalian subthalamic nucleus (STN), yet an analogous circuit
exists in the form of projections from cortical nuclei LMAN and HVC directly to the ~GPi-
like output neurons. Circles and triangles represent GABAergic and Glutamatergic
projections, respectively.
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Figure 2. ‘Paradoxical’ co-activation of thalamic neurons and their inhibitory BG inputs,
observed across model systems and behavioral paradigms
(A) Left, the place of the thalamus in a canonical BG-thalamocortical loop. In a predominant
view of BG-thalamocortical transmission, thalamic activation occurs during pallidal pauses,
through a process of disinhibition. Right, schematic of pallidal and thalamic spike trains (red
and blue, respectively), showing thalamic activation during a pause in tonic pallidal firing.
(B–C) Movement-onset aligned rate histograms showing thalamic (B) or pallidal (C)
activation at movement onset in primates during saccades and arm movements, as well at
syllable onset in songbirds during vocal babbling. (D) Left, the BG-recipient thalamus is
embedded in a cortico-thalamocortical loop. Movement onset-aligned rate histograms show
that thalamic onset signals persist following lesion of pallidal inputs in primates (center) and
in songbirds (right). In songbirds, antidromically identified corticothalamic neurons also
exhibit rate peaks at syllable onsets. Together, these findings suggest that cortical inputs to
the BG-recipient thalamus can drive thalamic pre-motor signals, and further suggest that BG
inputs may oppose the cortically driven rate modulation. (E) Left, a schematic of the BG-
thalamocortical loop highlighting that cortical regions projecting to the BG can also project
to the thalamus [77, 78]. Rate histograms showing that pallidal (red), thalamic (black) and
corticothalamic (blue) neurons exhibit rate increases prior to song onsets (center), as well as
syllable onsets (right)(Data from Goldberg and Fee, 2012). Such coactivations might be
explained by cortical inputs that project to both the hyperdirect pathway and to the thalamus.
Panels in (C–E) are reproduced with permission from (Shin and Sommer, 2010; Mink and
Thach, 1991; Goldberg and Fee, 2012; and Inase et al, 1996).
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Figure 3. High frequency entrainment of thalamic neurons by pallidal inputs in the singing bird
(A) Instantaneous firing rates of a thalamic neuron (blue) and its simultaneously recorded
pallidal terminal (red) plotted during a bout of song (spectrogram shown above, dph 45).
Note that both thalamic neuron and its pallidal input fire in concert at more than 100 spikes
per second. (B) Example of extracellular waveform containing signals from a thalamic
neuron (blue circles) and its presynaptic pallidal axon terminal (red circles). Bottom,
schematic of the pallidal and thalamic spike trains. Yellow bars represent periods of
thalamic spike suppression following the pallidal spike. The number of thalamic spikes that
occurred in each pallidal interspike interval is annotated in blue. (C) Raster plot of thalamic
spikes (black ticks) aligned to the timing of pallidal spikes (red line). Red line at right shows
the time of the next pallidal spike. The plot is sorted by the duration of the pallidal ISI
(n=8000 ISIs during singing). Note that each pallidal spike is followed by a brief period of
absolute thalamic spike suppression. (D) The number of thalamic spikes that discharge
within a pallidal ISI is plotted as a function the pallidal ISI’s duration (data are from singing
periods). Red line indicates the number of thalamic spikes predicted to occur based on a
simple mathematical model incorporating the pallidal ISI duration and the amount of
excitation that the thalamic neuron receives (see Goldberg et al., 2012 for more detail). (E–
F) Data are plotted as in C–D for non-singing periods, when there is less corticothalamic
excitation. (G) The average number of thalamic spikes that discharged within a pallidal ISI
is plotted against the duration of that ISI, for three different levels of corticothalamic
activation: nonsinging periods (black), and the periods prior to syllable onsets (green) and
offsets (red). Excitation of the thalamic neuron has the effect of increasing the slope and
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decreasing the x-intercept of this plot. This figure is adapted from (Goldberg and Fee, 2012;
and Goldberg et al, 2012).
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