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The auditory thalamus is the central nexus of bottom-up connections from the inferior
colliculus and top-down connections from auditory cortical areas. While considerable
efforts have been made to investigate feedforward processing of sounds in the auditory
thalamus (medial geniculate body, MGB) of non-human primates, little is known about
the role of corticofugal feedback in the MGB of awake non-human primates. Therefore,
we developed a small, repositionable cooling probe to manipulate corticofugal feedback
and studied neural responses in both auditory cortex and thalamus to sounds under
conditions of normal and reduced cortical temperature. Cooling-induced increases in
the width of extracellularly recorded spikes in auditory cortex were observed over the
distance of several hundred micrometers away from the cooling probe. Cortical neurons
displayed reduction in both spontaneous and stimulus driven firing rates with decreased
cortical temperatures. In thalamus, cortical cooling led to increased spontaneous firing
and either increased or decreased stimulus driven activity. Furthermore, response tuning
to modulation frequencies of temporally modulated sounds and spatial tuning to sound
source location could be altered (increased or decreased) by cortical cooling. Specifically,
best modulation frequencies of individual MGB neurons could shift either toward higher
or lower frequencies based on the vector strength or the firing rate. The tuning of
MGB neurons for spatial location could both sharpen or widen. Elevation preference
could shift toward higher or lower elevations and azimuth tuning could move toward
ipsilateral or contralateral locations. Such bidirectional changes were observed in many
parameters which suggests that the auditory thalamus acts as a filter that could be
adjusted according to behaviorally driven signals from auditory cortex. Future work will
have to delineate the circuit elements responsible for the observed effects.

Keywords: auditory cortex, auditory thalamus, cooling, corticofugal feedback, inactivation, spatial processing,
temporal modulations
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Jeschke et al. Effects of Cooling Cortex in Thalamus

FIGURE 9 | Corticofugal feedback alters spontaneous and stimulus driven activity in thalamus. (A) Cortical cooling led to significant modulation of thalamic neurons
as indicated by increased spontaneous activity. In contrast, stimulus evoked activity shifted in both directions. The BF of the majority of neurons did not change in
response to cooling. (B) In thalamus no depth dependent changes of spontaneous or stimulus driven firing rates were observed. (C) Changes of spike waveforms in
relation to changes observed at different cortical depths were small (< 0.1 ms). In addition, changes in WHH did not recover indicating that at larger distances from the
probe observed waveform changes were not related to cooling.
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FIGURE 10 | Cortical cooling can lead to large changes in rate level functions and temporal response patterns despite stable frequency tuning. Rasterplots of an
example single unit in the auditory thalamus at baseline (left panels) and cooling condition (right panels). The gray shaded area corresponds to the stimulus duration.
Stimulus related firing was evaluated based on a time window which included the stimulus duration plus 50 ms. Spikes that contributed to this stimulus related firing
were plotted in red during baseline and blue during cooling. For a quantitative comparison average stimulus related firing rates were plotted on the right (gray shadows
correspond to the standard error of the mean, red and blue solid lines indicate firing rate during baseline and cooling, respectively, while dashed lines indicate the
spontaneous firing rate). (A) Responses to pure tones of various frequencies at a fixed sound level were used to determine the neurons’ frequency tuning and best
frequency (4.7 kHz). (B) At the neurons’ best frequency pure tones with different sound levels revealed response threshold and a non-monotonic sound level tuning
with a best level of 35 dB SPL or 45 dB SPL and a threshold of 25 dB SPL or 35 dB SPL during baseline and in the cooled condition, respectively, and in response to
amplitude modulated tones of systematically varied modulation frequency with the best frequency as the carrier frequency presented at threshold and 30 dB above
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FIGURE 11 | Quantitative analysis of corticofugal influences on thalamic modulation tuning. (A) Schematic representation of analyzed parameters in comparison of
cooled and baseline conditions. Modulation transfer functions (MTF) based on the vector strength (left panel) during baseline (red) and cooling (blue) were used to
(Continued)
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FIGURE 11 | identify the best modulation frequency (BMF vector strength) defined as the modulation frequency leading to the highest significant vector strength and a
significant response based on the firing rate. The highest frequency leading to a significant vector strength and significant response was taken as the synchronization
boundary (Fcutoff vector strength). Similarly, MTFs based on the stimulus related firing rate (right panel) were analyzed to reveal the best modulation frequency (BMF
rate) defined as the modulation frequency leading to the highest significant firing rate. The highest modulation frequency leading to a significant response was taken as
the rate boundary (Fcutoff rate). Note, that the MTFs shown in (A) correspond to the exemplar unit illustrated in Figure 10. The best modulation frequencies and
modulation frequency boundaries during baseline and cooling were identified by labeled arrowheads (red — baseline, blue — cooled). (B) Scatter plots of best
modulation frequencies (BMF) as well as synchronization and rate boundaries (Fcutoff) contrasting cooling and baseline conditions. The sizes of the circles correspond
to the number of observations (common legend in the lower right panel). BMFs and Fcutoffs of thalamic neurons were found to change toward lower or higher
modulation frequencies with cortical cooling based on vector strength or firing rate. (C) Changes in vector strength could in principle be linked to changes in firing rate.
However, neither close to the threshold of a neuron (quiet level) nor ca. 30 dB above (loud level) significant correlations were observed. (D) During baseline, average
vector strength based MTFs calculated from the population of neurons were flat up to 128 Hz modulation and rolled off steeply at higher modulation frequencies (top
left panel). Despite this, strongest changes in vector strength observed during cooling occurred at low modulation frequencies for a large number of neurons as
indicated by the histogram of largest changes in vector strength as a function of modulation frequency (bottom left panel). Mean MTFs based on the firing rate (top
right panel) exhibited a slight peak at 64 Hz modulation and rolled of softly toward slower and faster modulation frequencies. The histogram of neuron counts that had
their largest change in firing rate between baseline and cooling also had a peak at 64 Hz modulation and rolled off toward lower and higher modulation frequencies
(bottom right panel).
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FIGURE 12 | Corticofugal feedback shapes tuning to spatial location in the MGB. (A) Schematic of speaker layout to investigate tuning to spatial location. A total of
24 speakers (filled black circles) were positioned at the azimuth and elevation indicated above the speaker and on the left, respectively. The setup was the same as in
Remington and Wang (2019). For the rasterplots in (B-D) the gray shaded area corresponds to the stimulus duration. Stimulus related firing was evaluated based on a
time window which included the stimulus duration plus 50 ms. Spikes that contributed to this stimulus related firing were plotted in red during baseline and blue during
cooling. (B) Responses to different sound levels of an exemplar neuron under baseline (B1) and cooled (B2) conditions obtained from the best speaker location
identified during baseline 10 dB above threshold. During cooling the sound level tuning turned from non-monotonic to monotonic. (C,D) Based on the stimulus related
firing rate, a graphical representation of the spatial receptive field was created by projecting the responses at the various speaker locations onto an array of virtual
locations using a weighted sum of responses at all speaker locations. These responses to virtual locations expressed in a contralateral-to-ipsilateral axis were plotted
as a heatmap using a Fournier projection. Here, warm colors correspond to higher and cold colors to lower firing rates, respectively. The area of responses at least
50% of the mid-point between the maximum and minimum firing rate was taken as the tuning area (TA). The centroid (white square) describes the center of mass of
the spatial receptive field defined by the firing rate. During baseline condition, the neuron illustrated in (B) mostly responded to speaker locations contralateral to the
recorded hemisphere (C1) at 10 dB above threshold (see B1) but had an ipsilateral receptive field at 30 dB above threshold (C2). (D) During cooling, the receptive
field remained contralateral 10 dB above threshold (D1) but shifted toward the contralateral side 30 dB above threshold (D2).
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FIGURE 13 | (A) Changes of the centroid of the spatial receptive field of thalamic neurons during cortical cooling. The centroid determined under baseline conditions
was plotted in red and the centroid under cooled conditions was plotted in blue. The centroids are characterized by their azimuth and elevation and cooling related
changes of both parameters were analyzed separately and plotted either as a distribution of changes between cooled and baseline conditions or as a scatter plot of
baseline and cooled values. For elevation a decrease or increase was indicated by negative and positive elevation difference values, respectively (B), while azimuth
shifts toward the contralateral or ipsilateral side were indicated by negative and positive values, respectively (C). For both parameters the distribution of changes was
centered on zero. No significant correlation between azimuth or elevation values recorded during baseline or cooling was observed. (D) Changes in the size of the
spatial receptive fields as measured by the tuning area were plotted and were again represented either as a distribution (negative values indicate reduced receptive
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conditions were found (Pearson correlation; Fcutoftyector strength:
n =59, Rho = 0.52, p = 2.1e-5; Fcutoffyye: n = 82, Rho = 0.457, p
= 1.6e-5). Changes in synchronization of responses to amplitude
modulations as studied by the vector strength could in principle
be due to concomitant changes in firing rate (Goldberg and
Brown, 1969). Therefore, we tested whether changes in vector
strength were related to changes in firing rate between baseline
and cooling separated for AMs close to threshold and 30-40 dB

above (Figure 11C). No significant correlation was observed. In
addition, we studied at which modulation frequencies the largest
changes in vector strength or firing rate occurred (Figure 11D).
Under baseline conditions the averaged modulation transfer
function (MTF) calculated for the vector strength was essentially
flat until 128 Hz modulation. Despite this, the majority of
neurons were found to change strongest at the lowest modulation
frequency tested (2Hz). In contrast, the MTF based on the
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neurons, firing rates and the histogram of largest changes closely
mimicked each other with a peak of the MTF and histogram at
64 Hz.

Tuning of MGB Neurons to Spatial

Locations During Cortical Cooling

Furthermore, we studied cortical influences on processing of
spatial location in the MGB. Toward this, neurons were tested
with white noise bursts presented from speakers distributed
on a sphere of 1m diameter centered on the animals’ head
(Figure 12A). Under baseline condition the exemplar neuron in
Figure 12 responded in a phasic-tonic manner to noise bursts
(Figure 12B1) and displayed contralateral (i.e., responded to
sounds from locations opposite from the recorded hemisphere)
tuning for spatial location close to threshold but ipsilateral
(i.e., responded to sounds from locations at the same side as
the recorded hemisphere) tuning at 30 dB above threshold
(Figure 12C1). This ipsilateral shift at higher sound levels was
accompanied by a suppression of tonic response components
at previously driven locations (Figure 12C2). In line with
this observation, the rate level response function at the best
speaker location was found to be strongly non-monotonic
(Figure 12B1). During cooling the pattern of tuning changed
quite dramatically. While close to threshold contralateral tuning
was still observed (Figure 12D1), the tuning for spatial location
changed from ipsilateral to contralateral at 30 dB above threshold
(Figure 12D2). In a cooled state some additional responses
were also observed: the single unit now also responded to
locations ipsilateral and above the median plane (45 degree
elevation and 51.4 degree azimuth; Figures 12D1,D2). The rate
level response also switched its behavior from non-monotonic
to monotonic but exhibited a stable response threshold of
40 dB attenuation (Figure 12B2). As expected the cooling-
induced unmasking of previously unseen responses resulted
in the receptive field becoming larger (as indicated by the
tuning area [TA], see Materials and Methods; from 0.31
and 0.38 TA at threshold and 30 dB above during baseline
to 0.44 and 0.56 TA during cooling). For all single units
investigated, the centroid (the geometric center of the receptive
field calculated via the weighted mean of firing rates) of the
spatial receptive field was calculated and compared between
baseline and cooling conditions (Figure 13A). Although shifts
of centroids were observed for a substantial number of units,
these shifts were found in random directions (to higher and
lower elevations, toward ipsilateral and contralateral azimuths)
and did not display a bias toward a particular location, e.g.,
the contralateral pole. We also split the change in centroid
location with respect to elevation (Figure 13B) and azimuth
(Figure 13C). In both cases, the distribution of the difference
in elevation or azimuth between baseline and cooling was
centered on zero (elevation: mean change = 6.1° [upwards];
azimuth: mean change = —1.6° [contralateral]), indicating stable
tuning for spatial location in the population (Wilcoxon signed
rank test, elevation: n = 44, Z = 1.494, p = 0.14; azimuth:
n = 44, 7 0.292, p = 0.77) while individual neurons
shifted their location preference. When plotting the azimuth

or elevation preference for baseline and cooled conditions,
significant correlations between both states were observed
(Pearson correlation; elevation: n = 44, Rho = 0.87, p =
1.5e-14; azimuth: n = 44, Rho = 0.533, p = 0.0002). The
distribution of the change in size of the spatial receptive
fields as calculated by TA was slightly skewed toward larger
TA during cooled conditions (mean change 0.024) also
suggesting stable receptive field sizes in the population of neurons
(Wilcoxon signed rank test, n = 44, Z = 1.266, p = 0.21).
The TA observed during baseline and cooled conditions were
significantly correlated (Pearson correlation; n = 44, Rho = 0.50,
p = 0.0006).

DISCUSSION

To study the role of corticothalamic feedback on the processing
of sounds in the medial geniculate body of awake, non-human
primates we developed a small, freely repositionable cooling
probe and compared responses to sounds under conditions of
normal and reduced cortical temperature. In cortical neurons
we observed cooling-induced increases in the width of the
extracellularly recorded spike waveform over distances to the
cooling probe of several hundred micrometers. Concomitantly,
cortical neurons displayed reduced spontaneous as well as
stimulus driven firing rates. At the thalamic level, cortical
cooling led to increased spontaneous firing and both increased
and decreased stimulus driven activity. Also, response tuning
to modulation frequencies of amplitude-modulated tones and
spatial tuning to sound source location could be altered in
a bidirectional fashion by cortical cooling. Specifically, best
modulation frequencies of individual MBG neurons could
shift to either higher or lower frequencies based on vector
strength or firing rate. Spatial tuning could sharpen or
widen, elevation preference could shift toward higher or lower
elevations and azimuth tuning could move toward ipsilateral or
contralateral locations.

Cortical Cooling Effects

When a recorded neuron continued to fire during cortical
cooling, changes in spike waveforms associated with an increased
width at half height were the most obvious effect on the
physiology of individual neurons. Similar effects have been
reported in vitro (Volgushev et al., 2000a,b) and in vivo in the
visual cortex of anesthetized cats (Girardin and Martin, 2009).
Such widening of spike waveforms was observed at a distance
of at least 2mm underneath the cooling probe, demonstrating
that the local temperature was lowered throughout all cortical
layers in the auditory cortex (with an estimated thickness of 1.5-
2 mm; Aitkin et al.,, 1986) including the corticofugal output layers
5 and 6 (Llano and Sherman, 2009). The correlation of changes
in spike width with distance from the cooling probe allows to
disentangle direct (i.e., temperature related) and indirect (i.e., due
to changes in network activity) effects of cooling as suggested
before (Girardin and Martin, 2009). Interestingly, even when
large changes in spike width were observed neuronal activity was
not always suppressed but could also be enhanced. While with
our data it is not possible to relate those changes to a particular
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mechanism, they can be explained by the differential effects of
lowering temperature on membrane potential, spike threshold,
transmitter release and synaptic transmission (Volgushev et al.,
2000a,b, 2004). In these experiments complete cessation of
neuronal firing was only observed upon lowering the local
temperature to below 10°C. As demonstrated in our experiments
and others this is not observed for distances from the cooling
probe larger than 1 mm (Lomber et al.,, 1999; Coomber et al.,
2011) even when the dura temperature is lowered to 1-5°C.
Therefore, at least in unanesthetized animals, the effect of cooling
even on relatively local network activity seems to be more diverse
than previously suggested based on experiments in anesthetized
preparations (Villa et al., 1991; Lomber et al., 1999; Volgushev
et al., 2000b). On average, though, cortical cooling leads to a
reduction of activity up to a distance of at least 2mm. This
suggests that the main effect of superficial cooling on corticofugal
feedback originating from layers 5 and 6 is a reduction but not
a cessation of feedback. This potentially limited reduction of
corticothalamic feedback can nonetheless have strong network
effects as shown by experiments with moderate cooling in the
barrel cortex of rats (Burkhanova et al., 2020).

Effects of Cortical Feedback on Thalamic
Processing of Temporally Modulated

Sounds

The control of thalamocortical information flow via corticofugal
feedback (Ibrahim et al., 2021; Saldeitis et al., 2021) can be
expected to have strong influence on cortical responses despite
small changes to thalamic population activity (Wang et al., 2010;
Ibrahim et al., 2021). This can be explained by the convergence
of synchronized, weak thalamocortical inputs (Bruno and
Sakmann, 2006) in combination with desynchronized thalamic
neurons (Wang et al., 2010; Ibrahim et al., 2021) or reduced
stimulus locked firing due to switches of thalamic response mode
(Whitmire et al., 2021) under altered corticothalamic and/or
corticofugal feedback.

Corticofugal feedback arises from layers 5 and 6 with different
projection patterns and synaptic strengths (Llano and Sherman,
2009). In the rodent, Al to MGBv feedback is predominantly
of the so-called modulator type (i.e. small synapses) (Bartlett
et al., 2000) while non-lemniscal subdivisions receive more driver
type projections (large synapses) (Llano and Sherman, 2008).
As our experiments did not distinguish between subnuclei of
the MGB our work could not disentangle the relative changes
within the various subdivisions. Corticothalamic connections
outnumber the thalamic inputs and dominate the synaptic
background in thalamic neurons and thereby determine the
thalamocortical transmission (Wolfart et al., 2005). For example,
in mice moderate cooling (16-21°C) eliminates silent states in
the somatosensory thalamus (Sheroziya and Timofeev, 2015).
Silencing auditory cortex optogenetically leaves the MGB less
excitable, with higher reliability and linearity but keeps general
tuning stable (Lohse et al., 2020). Therefore, it is expected that
not all aspects of thalamic sound processing can be influenced
by cortex. In the current study with awake non-human primates
we have documented that two important aspects of auditory

processing, namely processing of spatial location for orientation
to sounds and temporally modulated sounds relevant for example
for speech comprehension (Ding et al., 2017), can be modulated
by cortical control.

The majority of thalamic neurons respond in a synchronized
manner at least to some temporal modulation frequencies
(Bartlett and Wang, 2007, 2011). Former work has demonstrated
that thalamocortical loops are involved in rhythmic activity
(Llinds et al., 2005). Corticothalamic neurons have likewise
been shown to affect fast-spiking interneurons in the cortex
to directly reset slow rhythmic activity but not by changing
activity of thalamic resetter neurons (Guo et al, 2017). Thus,
corticothalamic feedback plays a decisive role in oscillatory
activity. Therefore, we reasoned that manipulating precisely
timed cortical feedback would influence thalamic processing of
temporal modulations. Interestingly, while changes in temporal
precision of responses were bidirectional, the largest changes
were observed for low modulation frequencies in line with the
abovementioned literature.

Effects of Cortical Feedback on Thalamic

Processing of Spatial Locations
Our data are the first to describe tuning to spatial location in the
MGB collected from awake common marmosets. All recordings
were performed in the same setting described in an earlier study
which investigated the representation of the full spatial field
in the auditory cortex (Remington and Wang, 2019). While a
detailed description of spatial receptive field (SRF) properties
is outside of the scope of the current study, some comparisons
seem noteworthy: in general thalamic SRFs were mostly larger
than their counterparts in the auditory cortex with tuning areas
of 0.36 £ 0.15 (mean £ STD) in the MGB and tuning areas of
0.14, 0.24, and 0.34 in field CM/CL, Al and R/RT, respectively
(Remington and Wang, 2019). Similar to observations in the
auditory cortex the SRF of thalamic neurons could increase
or shrink with increasing sound level. At the population level
however, spatial selectivity was found to be level tolerant both for
the auditory cortex (Remington and Wang, 2019) and the MGB.
In our experiments, we have further documented changes in
tuning to spatial location in the MGB during altered cortical
feedback. Processing of spatial location is based on three cues:
interaural level and time differences as well as head related
directional filtering (Grothe et al, 2010). While level and
time differences are processed in brainstem nuclei, the inferior
colliculus has been argued as being the first stage in which
all three cues are combined (Slee and Young, 2011). Further,
corticofugal modulation of sound processing or input selection
of relevant stimuli or sound features is not only possible
in the auditory thalamus (Guo et al, 2017) but has been
shown throughout the auditory pathway (Malmierca et al., 2015;
Suga, 2020; Asilador and Llano, 2021) including the cochlear
nucleus (Luo et al., 2008) and the inferior colliculus (Nakamoto
et al,, 2008; Straka et al, 2015; Qi et al,, 2020). Cooling of
auditory cortex shifts the sensitivity of inferior colliculus neurons
to interaural level cues (Nakamoto et al, 2008). However,
corticothalamic and corticocollicular feedback arises from layer
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6 or 5, respectively (Malmierca et al., 2015) and our data suggest
that both cortical output layers are affected by cortical cooling.
Therefore, it would be interesting to investigate the relative
contributions of corticothalamic feedback vs. the possibly altered
colliculothalamic input due to corticocollicular feedback.

Limitations of the Current Study
In our study we have used cooling to manipulate corticofugal
feedback. As a technique cooling has its advantages in being
flexible and quickly reversible. However, disadvantages include
the relatively large affected region which is difficult to control
and the lack of temporal specificity which might play a role
especially during processing of temporally dynamic stimuli. The
former point essentially precluded to investigate the relationship
between the tonotopic position in Al being cooled and the
tonotopic position in MGB being affected (see e.g., Suga, 2020)
while the latter prevented an analysis of a potential time
dependence of corticofugal feedback on thalamic processing.
Although the cortico-thalamic connection contains both
excitatory (direct) as well as inhibitory influences (indirect via
the thalamic reticular nucleus) it cannot be ruled out that the
bidirectionality of changes we observed is due to the spatially
relatively broad and cell type unspecific manipulation invoked
via cortical cooling. Even the same corticofugal connection can
have various effects on the target region based on how it is
activated (Vila et al., 2019). Ideally, an optogenetic experiment
with anterograde labeling of cortico-thalamic neurons and
optical stimulation in the thalamus would be performed (Fenno
et al., 2011; Yizhar et al., 2011; Vila et al., 2019; Williamson and
Polley, 2019). If successful in primates, optogenetic experiments
could selectively target layer 5 or layer 6 projection neurons to
investigate their separate roles for adjusting thalamic processing.
Further experiments should delineate the respective role
of subdivisions of the MGB as well as the role various circuit
elements of the cortico-thalamo-cortical, cortico-colliculo-
thalamo-cortical and various other corticofugal feedback loops
(Winer, 2005; Leon et al., 2012; Saldafa, 2015; Lohse et al., 2021),
e.g., the thalamic reticular nucleus, the inferior colliculus or even
lower brainstem centers play in adjusting thalamic processing in
awake primates. Toward this end, future studies should include
many more neurons, confirm their anatomical locations and
expand observations to the thalamic reticular nucleus as well as
the shell and core of the inferior colliculus.

Future Directions
One function of corticofugal feedback might be to adjust
thalamic processing to focus on relevant stimulus features in
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