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Summary 

All neocortical sensory areas have an associated primary and secondary thalamic nucleus. While the 
primary nuclei encode sensory information and relay it to cortex, the drivers of activity in secondary 
nuclei are poorly understood. We recorded juxtasomally from neurons in secondary somatosensory 
(POm) and visual (LP) thalamic nuclei of awake head-fixed mice with simultaneous whisker tracking 
and pupilometry. POm activity correlated with the slow components of whisker movement but not fast 
precise kinematics. This movement modulation was not due to sensory reafference, persisting after 
unilateral paralysis of the whisker pad. POm tracked whisking even more strongly after optogenetic 
silencing of primary somatosensory and motor cortex, indicating that cortical motor efference copy 
cannot explain movement modulation. We observed that whisking and pupil dilation were strongly 
correlated, raising the possibility that POm tracks arousal rather than whisker movement. LP, being 
part of the visual system, is not expected to encode whisker movement. However, we discovered that 
LP and POm track whisking equally well, suggesting a global arousal effect on both nuclei. Our results 
suggest that motor signals are largely absent in POm. We conclude that global arousal may be a 
prominent modulator of secondary thalamic nuclei.  

 

Introduction 

Somatosensory, visual, auditory, and gustatory cortex are each reciprocally connected with a specific 
subset of thalamic nuclei. These nuclei can be subdivided into primary and secondary (often termed 
“higher-order”) nuclei (Herkenham, 1980; Guillery and Sherman, 2002; Phillips et al., 2019). The 
primary nuclei are the main source of sensory input to the cortex and respond robustly to sensory 
stimulation with low latency (Chiaia et al., 1991; Sherman and Guillery, 2002; Wimmer et al., 2010; 
Constantinople and Bruno, 2013). Unlike primary nuclei, the secondary nuclei are interconnected with 
many cortical and subcortical regions, and their role in sensation and cognition is poorly understood.  

In rodents, the facial whisker representation of primary somatosensory cortex (S1) is tightly integrated 
with two thalamic nuclei: the ventral posteromedial nucleus (VPM) and the posterior medial nucleus 
(POm). Compared to the primary nucleus VPM, the secondary nucleus POm has broader receptive 
fields, longer-latency sensory responses, and poorly encodes fine aspects of whisker touch such as 
contact timing and stimulus frequency (Diamond et al., 1992; Moore, 2004; Masri et al., 2008; Moore 
et al., 2015). It receives input from S1, motor cortex, posterior parietal cortex, the zona incerta, and 
many other subcortical regions in addition to brainstem afferents (Chiaia et al., 1991; Trageser and 
Keller, 2004; Olsen and Witter, 2016). Whereas VPM innervates cortical layer 4 and the border of 
layers 5B and 6, POm projects to the apical dendrites of layer 1 as well as layer 5A (Wimmer et al., 
2010). POm is a stronger driver of layer 2/3 cells than cortico-cortical synapses and can enhance 
sensory responses in pyramidal neurons of layers 2/3 and 5 (Mease, Metz and Groh, 2016; Zhang 
and Bruno, 2019). It is thus positioned to strongly influence sensory computations in S1. However, 
what POm activity ultimately encodes remains a mystery.  

One possibility is that POm preferentially responds to self-generated movements, through either 
sensory reafference or motor efference copy, rather than extrinsic tactile sensations (Yu et al., 2006). 
Recent studies in awake animals have observed that POm encodes whisker motion and contact less 
well than VPM does (Moore et al., 2015; Urbain et al., 2015), which raises the question of why a 
secondary pathway would be needed to encode self-generated motion. Several labs have noted that 
a subset of POm neurons are activated by pain (Masri et al., 2009; Frangeul et al., 2014), a powerful 
stimulus for directing behavioral state. More subtle forms of behavioral state changes are found in 
primate secondary visual thalamus (lateral pulvinar), which has been implicated repeatedly in 
mediating attention (Petersen, Robinson and Morris, 1987; Wilke et al., 2010; Saalmann et al., 2012). 
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The rodent homolog to the pulvinar (lateral posterior nucleus, LP) is active during mismatch of 
movement and visual stimuli (Roth et al., 2016), which might reflect elevations in global arousal or 
visual attention. These results raise the possibility that all secondary nuclei are strongly modulated by 
changes in behavioral state. 

Here we investigate how cortical and sensory inputs influence POm activity in the awake mouse. We 
further examine how POm activity compares to that of LP to investigate general principles of secondary 
thalamus function.  

 

Results 

Initially, we characterized the degree to which POm encodes whether or not an animal is whisking 
versus the fine details of movements. We recorded juxtasomally from single neurons in head-fixed 
mice while acquiring high-speed video of the contralateral whisker field, from which whisker positions 
could be algorithmically extracted (Figure 1A, B; 22 POm neurons in 5 mice). To measure slow aspects 
of whisking, we calculated whisking amplitude from the median angle of all whiskers. Whisking 
amplitude is defined as the difference in angle between set-point and protraction over the whisking 
cycle (Hill et al., 2011; Moore et al., 2015, see Methods). Whisking amplitude was then used to 
determine periods of whisking and quiescence. Whisking bouts were defined as periods of time when 
whisking amplitude exceeded 20% of the maximum for more than 250 msec (Figure 1B, shaded 
areas).  

Whisking substantially elevated POm firing rates. We computed the mean firing rate for each cell 
during periods when the mouse was whisking and quiescent (Figure 1C). The firing rates of POm cells 
were significantly higher during bouts of whisking, with a mean increase of 4.6Hz, or 133% (p < 10-4, 
paired t-test). To understand which components of whisking might drive POm activity, we calculated 
the cross-correlation between POm firing rate and three features of whisking activity: the median angle 
(Figure 1D, gray), the amplitude metric which captures the slow envelope of whisking (green), and the 
median angle bandpass-filtered from 4-30 Hz (black), which reflects fast individual protractions and 
retractions of the whisker. We found little correlation with the bandpass-filtered angle, while both 
whisker angle and whisking amplitude had prominent correlations centered around t = 0. The strongest 
correlate with POm activity was whisking amplitude, suggesting that POm is coupled only to the slow 
components of whisking.  

To further investigate the encoding of the fast components of whisking in POm, we performed an 
analysis of phase coding during whisking bouts. A Hilbert transform was applied to the bandpass-
filtered median whisker angle to quantify phase precisely. We identified the phase at which each action 
potential occurred during whisking and plotted distributions of firing rate as a function of phase. For 
each cell, we fit a sinusoid to characterize the cell’s preferred phases (the phase of the whisk cycle 
that elicited the highest firing rate) and modulation depth (the degree to which phase impacts firing 
rate, measured as the peak-trough difference normalized by mean firing rate). Figure 1E shows the 
phase relationship of two example cells: one with significant coding (top) and the other insignificant 
(bottom). Most POm cells (19/22) resembled the non-phase coding example, having little or no 
modulation (right). Together, these results indicate that a large majority of POm cells do not encode 
fast whisking dynamics such as whisker angle or whisk cycle phase. Rather, they track slow 
components of whisking, i.e. the difference between whisking and quiescence.    

One possible source of whisking-related activity is reafferent sensory input: when the mouse whisks, 
the movement could deform the whisker follicle and stimulate mechanoreceptors. To measure the 
degree to which POm activity is driven by the sensory reafference caused by whisking, we severed 
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the facial motor nerve on the right side of the face, contralateral to our recordings, while taking video 
of the left (ipsilateral) side of the face (Figure 2A). Mice were no longer able to move the right whisker 
pad, while the whisking on the left side of the face was unaffected (Figure 2B). Without whisker 
movement, there can be no reafferent sensory input from the right whisker pad. As in intact mice, firing 
rates of POm neurons in nerve cut animals were significantly higher during whisking bouts (Figure 2C, 
n = 12, p = 0.00068, paired t test) and to a similar degree (mean increase of 4.8Hz, or 51%). POm 
firing rates also correlated with ipsilateral whisking amplitude at a similar magnitude and with a similar 
lag as in the contralateral whisker field in intact mice (Figure 2D). This demonstrates that the 
correlation of POm activity and whisking is not due to ascending reafferent information.  

POm is reciprocally connected to several cortical areas, potentially making cortical input a strong driver 
of POm activity (Chiaia et al., 1991; Diamond et al., 2008; Mease, Metz and Groh, 2016). In particular, 
input from S1 and primary motor cortex (M1) could convey sensorimotor information, such as a motor 
efference copy, that would drive whisking-related activity independent of ascending sensory input. To 
test this, we expressed halorhodopsin in all excitatory cortical neurons by crossing Emx1-Cre mice 
with a Cre-condition halorhodopsin responder line. We recently demonstrated that this technique could 
block 95-100% of action potentials throughout all cortical layers of awake behaving mice (Hong et al. 
2018). We recorded from POm cells and, for comparison, VPM cells while silencing S1 or M1 with an 
amber laser. 

M1 silencing reduced the baseline firing rate of POm cells, but POm activity was still elevated during 
whisking regardless of whether the laser was on or off (Figure 3A, left). Interestingly, silencing M1 also 
resulted in an increased correlation between POm firing rate and whisking amplitude (right). Silencing 
M1, which does not directly project to VPM, changed neither VPM firing rates nor the correlation of 
VPM activity and whisking amplitude (Figure 3C).  

In parallel S1 experiments, silencing reduced POm activity, both when mice were whisking and 
quiescent (Figure 3B, left). Similar to the effect of M1 silencing, this again resulted in an increase in 
the correlation between POm activity and whisking amplitude (right). There was a tendency for S1 
inhibition to reduce overall activity in VPM, perhaps reflecting known corticothalamic connections 
between S1 and VPM, but this effect did not reach significance (Figure 3D; p = 0.1). Silencing S1 did 
not impact the correlation of VPM spiking and whisking. These results demonstrate that POm is not 
inheriting information about whisking amplitude from M1 or S1. Rather, corticothalamic inputs appear 
to transmit signals other than whisker movements, effectively creating noise in POm activity that 
reduces its correlation with whisking amplitude. 

Neither reafference nor cortical sources of motor efference copy explain the presence of movement 
signals in POm. This raises the question of whether POm encodes movement at all. One possibility is 
that the coupling of POm spiking and whisking is due to POm encoding another variable that is tightly 
locked to whisking, such as arousal. To investigate this, we measured pupil diameter as a metric of 
arousal. We acquired videos of the pupil and whiskers while recording from POm (Figure 4A). Pupil 
diameter was tightly correlated with whisking, with a peak correlation of 0.39 with pupil dilation lagging 
whisking amplitude by 880 msec (Figure 4B). Pupil diameter also correlated with POm activity, to a 
similar degree as whisking, but with a lag of 950 msec (Figure 4C). 

We reasoned that, if the modulation of POm by whisking was truly due to whisker movement rather 
than a collinear variable, other secondary thalamic nuclei would not be expected to track whisking. 
The secondary visual thalamic nucleus LP is the rodent homolog of the primate lateral pulvinar. LP is 
primarily coupled with cortical and subcortical visual areas (Nakamura et al., 2015), rather than 
somatosensory ones. Because of their different connectivity, POm and LP are expected to carry 
separate sensorimotor signals related to somatosensation and vision, respectively. Therefore, LP 
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would not be expected to encode whisker movement. By contrast, changes in behavioral state, such 
as overall animal arousal as suggested by our pupil measurements, might modulate all thalamic nuclei, 
including LP and POm. 

We tested this idea by recording juxtasomally from LP (Figure 5A, B; 29 cells from 4 mice). 
Surprisingly, we found that LP activity was significantly increased during whisking bouts (Figure 5C, 
increase of 5.04Hz, 42.6%, p < 10-4, paired t test). Like POm, LP activity correlated with both whisking 
amplitude and median whisker angle with low latency (Figure 5D). Since changes in pupil diameter 
will cause more light to fall on the retina, the LP correlation with whisking might be an artifact of pupil 
dilation. To control for this, a subset of cells were recorded in low light. Under these darker conditions, 
the pupil was maximally dilated and did not change (Figure 5B), rendering input to the retina largely 
constant. However, these cells still showed an equivalent increase in firing rate during whisking (Figure 
5C, orange). Thus, LP activity appears to track whisking independent of changes in visual input, which 
suggests that the effect in both nuclei is due to arousal-whisking collinearity rather than a direct effect 
of whisking. 

 

Together, our results indicate that the slow component of whisking-related activity in POm is neither a 
result of ascending motion signals from reafferent mechanisms nor of descending corticothalamic 
efferent mechanisms. We conclude instead that arousal may strongly dictate the activity of secondary 
thalamic nuclei, including POm and LP. 

Discussion 

We aimed to characterize how the secondary somatosensory thalamus encodes features of whisker 
motion. Juxtasomal recordings of POm cells revealed that the region mainly tracks slow components 
of whisking. Consistent with previous studies (Moore et al., 2015; Urbain et al., 2015), mouse POm 
firing rates are much higher during bouts of whisking compared to when a mouse is quiescent. Further, 
POm activity correlates with the slow change in whisking amplitude but not with the fast changes of 
the whisk cycle. Only a small fraction (~14%) of our POm cells encoded whisking phase. We have 
demonstrated that these effects are not due to sensory reafference from self-generated movements, 
as transection of the facial motor nerve did not decorrelate POm activity and ipsilateral whisking. We 
also showed that cortical inputs do not underlie whisking modulation of POm, as both S1- and M1-
silencing enhanced the correlation between POm spiking and whisking amplitude. What appears to 
be whisking-related activity in POm is likely instead a consequence of the encoding of behavioral state. 
This effect may be a general property of all secondary thalamic nuclei, as we observed identical 
whisking-related activity in the secondary visual thalamus LP. Future studies are needed to examine 
if this principle holds in some auditory thalamic subnuclei and perhaps even thalamic nuclei connected 
to motor cortex and other frontal areas. 

The paralemniscal system has been speculated to be a parallel secondary afferent pathway (Yu et al., 
2006; Frangeul et al., 2014). In anesthetized rats, POm does not appear to be sensitive to fine aspects 
of whisker touch, having very large receptive fields and long-latency responses (Diamond et al.1998, 
Trageser et al. 2004). One might expect that very large synchronized movements of the whiskers, 
such as during whisking, would elicit a response from POm. However, paralyzing the face produces 
no change in the correlation between POm activity and ipsilateral whisking amplitude (Figure 2). 
Interestingly, mouse barrel cortex is also modulated by whisking and quiescence in absence of 
sensory input: whisking is associated with a decrease in synchrony between layer 2/3 pyramidal cells 
in S1 and an increase in discharges by VPM, which is unaltered by bilateral transection of the 
infraorbital nerve sensory nerve (Poulet and Petersen, 2008). Manipulations of somatosensory 
thalamus strongly impacted cortical synchronization (Poulet et al., 2012). Our results show that both 
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POm and LP correlate with movement/arousal. Further studies are needed to determine if cortical 
synchronization is determined by inputs from VPM, POm, or both. 

POm receives descending input from many cortical regions including M1 and S1. Conceivably these 
inputs could modulate ascending sensory input or provide the thalamus with a motor efference copy 
(Mease, Metz and Groh, 2016; Sherman, 2016). Similarly, LP and LGN axons in V1 exhibit eye 
movement related signals (Roth et al., 2016). Previous studies in anesthetized rats have shown that 
cortical inactivation will silence POm, but not VPM (Diamond 1992). Therefore, cortex might be the 
primary source of excitatory input to POm. However, we discovered that, in the awake mouse, 
silencing either M1 or S1 only slightly reduces the firing rate of POm cells and has little to no effect on 
VPM activity (Figure 3). We conclude that, while S1 and M1 provide significant excitatory inputs to 
POm, these inputs are not the sole or primary drivers of POm activity. Moreover, silencing increased 
rather than decreased the correlation between POm activity and whisking amplitude. If POm activity 
were primarily representative of a cortical efference copy, we would expect the opposite effect. While 
we cannot rule out the possibility that POm receives some efference copy from cortex, such input is 
not the cause of what at first appears to be whisking modulation. POm might instead be under equal 
or greater control of subcortical regions such as trigeminal brainstem complex, zona incerta, the 
thalamic reticular nucleus, and neuromodulatory brainstem centers – all of which receive inputs from 
broad areas of the nervous system (Pinault and Deschênes, 1998; Trageser and Keller, 2004).  

As POm continues to track whisking in absence of both ascending sensory input and descending 
cortical input, we propose that the activity we observe is not sensorimotor in nature, but rather 
representative of thalamic coding of internal state. POm axons project to the apical dendrites of 
pyramidal cells (Meyer et al., 2010; Wimmer et al., 2010), where they might drive state-dependent 
changes in activity and synchrony. Arousal is one of the simpler internal states, which we and others 
have previously shown has dramatic effects on cortical dynamics (Constantinople and Bruno, 2011; 
Reimer et al., 2014; Vinck et al., 2015). We observed that whisking and pupil diameter, which closely 
tracks arousal, are highly correlated with each other. Due to the collinearity between pupil and whisking 
dynamics, they both correlate with POm firing rates (Figure 4C). To dissect out arousal and movement, 
we took the novel approach of comparing these dynamics to those of LP, the rodent homolog of the 
primate lateral pulvinar. We found a near-identical relationship with whisking in LP as we observed in 
POm (Figure 5), despite the fact that there is no known connectivity between LP and the whisker 
system. Like POm, these responses do not appear to be sensory dependent, as they persist even in 
low-light conditions where the pupil is maximally dilated and can no longer contribute to changes in 
retinal activity. If this state-dependent modulation of secondary thalamic nuclei is not sensory 
reafference or derived from S1 or M1, likely candidates would include a large number of 
neuromodulators. For instance, zona incerta terminals within POm are regulated by acetylcholine 
(Masri et al., 2006) and are likely modulated in the same way in LP. However, acetylcholine and 
norepinephrine both track pupil dynamics (Reimer et al., 2016) and are also plausible culprits. In 
addition to these two well-studied modulators there are many others known to have function in 
thalamus (Varela, 2014). Furthermore, any of these modulators could act directly on POm and LP or 
indirectly through ZI, TRN, brainstem nuclei, or other inputs. 

This arousal effect we have described may be a more general version of modality-specific 
attentional effects that have been proposed for at least some secondary thalamic nuclei. In primates, 
pulvinar neurons respond strongest when stimuli are presented in attended regions of visual 
space (Petersen, Robinson and Keys, 1985), and lesion of the pulvinar leads to deficits of 
selective attention during visual tasks (Ward et al., 2002; Wilke et al., 2010). Human patients with 
pulvinar damage exhibit spatial neglect, in which a stimulus can be perceived normally in isolation 
but is missed or distorted in the presence of neighboring stimuli (Karnath, Himmelbach and 
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Rorden, 2002; Snow et al., 2009). By analogy, one might hypothesis that POm provides feedback 
that selects somatosensory stimuli for further cortical processing. This selective attention within a 
modality could be a general principle of secondary thalamic function. 
 Elevated firing rates in secondary thalamus due to arousal or attention could be useful for 
creating periods of heightened cortical plasticity. Recent studies have shown that repetitive sensory 
stimuli in anesthetized animals drives POm input to pyramidal neurons, which leads to 
enhancement of future sensory responses in cortex (Gambino et al., 2014). A potential 
mechanism of this is that disinhibition of apical dendritic spikes leads to long-term potentiation of 
local recurrent synapses among cortical pyramidal neurons (Williams and Holtmaat, 2019). 
Furthermore, an in vivo study found that associative learning can also potentiate long-range POm 
connections onto pyramidal neurons when subsequently measured in vitro (Audette et al., 2019). 
Future studies are needed to address the links between arousal, attention, and plasticity. 
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Figure titles and legends 

 

Figure 1. POm cells mainly track slow components of whisking activity. (A) An example frame 
from a video, captured at 125 FPS. Identified whiskers are highlighted in green, and whisker bases 
are indicated by yellow circles. (B) Example traces of juxtasomal POm recording and whisking. The 
median angle of all whiskers in each video frame (middle, gray) was used to calculate the whisking 
amplitude (bottom, green). Whisking events (green shaded areas) were defined as those periods 
where whisking amplitude exceeded 20% of maximum for at least 250 msec. (C) Scatter plot of POm 
firing rates during whisking and quiescence (n = 22 putative POm cells, 5 mice, mean increase of 
4.6Hz, or 133%, p < 10-4, paired t-test). Green, cell in B. (D) Cross-correlation of POm firing rate and 
whisking amplitude (green), angle (gray), and 4-30 Hz bandpass-filtered angle (black). Shading, SEM. 
(E) Left, Firing rate as a function of phase in the whisking cycle for two example POm units. A sinusoid 
model (black) was fit to each cell and used to calculate preferred phase (white markers) and 
modulation depth. Right, A polar plot of modulation depth (radius) and preferred phase (angle) of each 
POm unit. Filled circles, cells with significant phase modulation (p<0.05, Kuiper test, Bonferroni 
corrected).  

Figure 2. POm encodes whisking activity in absence of reafferent sensory input. (A) The buccal 
branch of the facial motor nerve was severed unilaterally, preventing whisker motion on the right side 
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of the face. (B) Example POm cell (top, black), ipsilateral (left side of face) whiskers (bottom, blue), 
and contralateral whiskers (bottom, gray). Blue boxes: periods of whisking as in Fig.1B. (C) Scatter 
plot of mean POm firing rate during whisking and quiescence. Blue, example cell in B. Firing rates 
during whisking are significantly higher than quiescence (n = 12 cells from 2 animals, mean increase 
of 4.8Hz, or 51%, p = 0.00068, paired t test). (D) Cross-correlation of POm firing rate and ipsilateral 
whisking amplitude. 

Figure 3. Inhibition of primary motor and somatosensory cortex increases POm correlation 
with whisking. (A-D) The effect of optogenetic manipulation on thalamic activity. Left, bar plots of 
average firing rates of cells during whisking and quiescence when the laser is off (gray) or on (colored). 
Right, Cross-correlation of firing rate and whisking amplitude when the laser is off (gray) or on 
(colored). (A) POm recordings during M1 silencing (n = 20 cells, 3 mice. Whisking p = 0.0063, laser p 
= 0.06, interaction p = 0.038, two-way repeated measures ANOVA). (B) POm recordings during S1 
silencing (n = 11 cells, 3 animals. Whisking p = 0.0002, laser p = 0.024, interaction = 0.44, two-way 
repeated measures ANOVA). (C) VPM recordings during M1 silencing (n = 13 cells, 2 animals. 
Whisking p = 0.00018, laser p = 0.26, interaction p = 0.92, two-way repeated measures ANOVA). (D) 
VPM recordings during S1 silencing (n = 8 cells, 2 mice. Whisking p = 0.0009, laser p = 0.1, interaction 
p = 0.26, two-way repeated measures ANOVA).  

Figure 4. POm activity tracks pupil dynamics. (A) Sample recording of POm activity (middle, black) 
with concurrent ipsilateral pupil diameter (blue, top), median whisker angle (middle, gray), and 
whisking amplitude (green, bottom). (B) Cross-correlation of pupil diameter and whisking amplitude 
(30 recording sessions from 7 animals). (C) Cross-correlation of POm firing rate (n = 10 cells from 3 
animals) with whisking amplitude (green) and pupil diameter (blue). 

Figure 5. LP activity tracks slow whisker dynamics. (A,B) Sample recordings of two LP cells 
(black) recorded in bright light (A) or low light (B), with corresponding median whisker angle (gray) 
whisking amplitude (green), and pupil diameter (blue or orange). (C) Scatter plot of mean firing rate in 
LP cells during whisking and quiescence. Blue, cells recorded in bright light; Orange, cells recorded 
in low light (n = 29 cells, 4 animals. Mean increase of 5.04 Hz, 42.6%, p < 10-4, paired t-test). (E) 
Cross-correlation of LP firing rate with whisking amplitude (green), median whisker angle (red),  and 
4-30 Hz bandpass filtered angle (black).  

 

 

Supplemental Information titles and legends  

STAR METHODS 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Experimental Models: Organisms/Strains 

Mouse: Emx1‐IRES‐Cre  Jackson Laboratories  Stock # 005628 
Mouse: Rosa‐lox‐stop‐lox (RSL)‐eNpHR3.0/eYFP   Jackson Laboratories  Stock # 014539 
   
   
   
   

Software and Algorithms 
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All  experiments  complied with  the  NIH  Guide  for  the  Care  and  Use  of  Laboratory  Animals  and were 

approved  by  the  Institutional  Animal  Care  and  Use  Committee  of  Columbia  University.  Twenty‐two 

C57BL/6 mice were used in these experiments. 

Surgery 

Mice were anesthetized with isoflurane and placed in a stereotax. The skull was exposed, a thin layer of 

superglue was applied, and a custom‐cut stainless steel headplate was attached using dental acrylic. A 

small (200 µm wide) opening was made on the mouse’s left side at ~1.7 mm posterior to bregma and 1.4 

mm  lateral  of  the  midline.  A  silver  wire  or  screw  was  inserted  over  the  frontal  cortex  of  the  same 

hemisphere as a ground electrode and covered with dental acrylic. The skin was sealed to the implant 

using superglue. Mice were allowed to recover from surgery for 5 days before habituation. Mice were 

habituated to the setup for 5 days by attaching their headplate to a holder on the recording table for 5‐

30 min each day, during which no recordings were performed. 

Electrophysiology 

After habituation, a mouse would be recorded from for 3‐7 days. A glass micropipette (opening ~1.5 µm 

ID, shank ~60‐80 µm OD over last 3‐4 mm) was filled with artificial cerebrospinal fluid (aCSF) and inserted 

vertically into the brain using a micromanipulator. POm cells were typically recorded at microdrive depths 

of 2800‐3600 µm relative to the pia, and LP cells were recorded at depths of 2100‐2600 µm relative to 

pia. Recordings were made with a MultiClamp 700B amplifier  (Molecular Devices), bessel filtered 300‐

10,000  Hz,  and  digitized  at  16  kHz  using  custom  Labview  software  (ntrode).  At  the  end  of  some 

experiments, recording sites were labelled with a glass electrode coated in DiI inserted to a depth of 3600 

µm relative to the pia.  

Videography 

Whisker and pupil videos were made during electrophysiology and imaging using multiple PS3eye cameras 

running at 125 frames per second. Camera housings had been removed, and the lenses replaced with a 

12 mm F2.0 lens (M12 Lenses Inc, part # PT‐1220). Video was acquired using the CodeLaboratories PS3eye 

camera driver and the GUVCView software on linux computer. 

Optogenetics 
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Optogenetic silencing of cortex was performed using Emx1‐Halo mice as previously described (Hong et 

al., 2018) . Briefly, Emx1‐IRES‐Cre knock‐in mice (Jackson Laboratories, stock #005628) were crossed to 

Rosa‐lox‐stop‐lox  (RSL)‐eNpHR3.0/eYFP mice  (Ai39,  JAX,  stock# 006364), which express halorhodopsin 

after  excision  of  a  stop  cassette  by  Cre  recombinase.  All mouse  lines were maintained  on  a  C57BL/6 

background. Optogenetic experiments used mice that were heterozygous for the desired transgene as 

assessed  by  in‐house  genotyping.  The  locations  of  S1  and  M1  were  marked  based  on  stereotaxic 

coordinates during headplate surgery, and the skull was thinned before recordings.  Light was generated 

by a 593‐ or 594‐nm laser (OEM or Coherent) coupled to a 200‐μm diameter, 0.39 NA optic fiber (Thorlabs) 

via a fiberport, and the diamond‐knife cut fiber tip was placed above M1 or S1.  

Nerve Transection 

The facial nerve was transected with the mouse under isoflurane anesthesia. A small (~5 mm) incision, 

centered ~5‐8 mm ventral of the eye, was made in the skin. The buccal branch of the facial was identified 

running from near the ear to the whisker pad, blunt dissected free of underlying tissue, and cut. The skin 

was closed with stitches and bupivacaine applied. 

Histology 

At the end of experiments, mice were deeply anesthetized with sodium pentobarbital and then perfused 

transcardially with 1X phosphate buffer  followed by 4% paraformaldehyde. Brains were  removed and 

sectioned on a vibratome into 100µm‐thick slices, or on a freezing microtome into 50µm‐thick slices. 100‐

µm slices were mounted directly on glass slides with mounting medium. 50‐µm slices were stained in a 

solution  of  Cytochrome  C  (0.3  mg/ml),  Catalase  (0.4mg/ml),  and  3‐3’‐Diaminobenzidine  (DAB, 

0.583mg/mL). Sections were incubated in this solution at 40C for 30‐45 minutes. Sections were washed 5 

times in 1X phosphate buffer and mounted on glass slides with mounting medium.  

Data Analysis 

Putative action potentials were identified offline with custom MATLAB software. Spikes were then sorted 

with MClust (version 4.3). 

Whiskers were automatically tracked from videos using software (Clack et al. 2012).   Custom MATLAB 

software was used to compute the median whisker angle. The median angle was bandpass filtered from 

4 to 30 Hz and passed through a Hilbert transform to calculate phase. We defined the upper and lower 

envelopes of the whisking angle as the points in the whisk cycle where phase equaled 0 (most protracted) 

or π (most retracted), respectively. Whisking amplitude was defined as the difference between these two 

envelopes. Periods of whisking and quiescence were defined as times where whisking amplitude exceeded 

20% of maximum for at least 250 msec. Periods of time where amplitude exceeded this threshold for less 

than 250 msec were considered ambiguous and excluded from analysis of whisking vs quiescence. 

For  each  cell,  each  spike  that  occurred  while  the  mouse  was  whisking  was  assigned  a  phase.  The 

distribution of possible spike phases (‐π to π) was calculated using 32 equally sized bins. Using the same 

binning, we then calculated the distribution of phases observed in the video to determine the time the 

whiskers spent at various mean phases. We then normalized the spike phase distribution by the phase 

distribution to calculate firing rate as a function of phase. The modulation of the cell was characterized by 

fitting  a  sine  function  with  a  period  of  2π  to  this  rate  function  using  least‐squares  regression.  The 

modulation depth was calculated as the amplitude of the fitted sine wave divided by the cell’s mean firing 
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rate as in (Moore et al., 2015). To test the significance of this modulation, we compared the distributions 

of  phase  and  (unnormalized,  unbinned)  spike  phase  with  a  Kuiper  test  and  a  Bonferroni  multiple‐

comparisons correction. 

Pupil diameter was measured from video using custom MATLAB software. Videos were level‐adjusted and 

thresholded to maximize the contrast between the pupil and the rest of the eye. The built in imfindcircles() 

function was used to locate the pupil and measure diameter on each frame.  
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Figure 1: POm cells mainly track slow components of whisking activity
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Figure 2: POm encodes whisking in absence of 
reafferent sensory input.
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Figure 3: Inhibition of primary motor and somatosensory cortex increases 
POm correlation with whisking.

M1 Silencing S1 Silencing

M1 Silencing S1 Silencing

0

10

20

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.03.04.977348doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.04.977348
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Sec

60°

200mV

% Max

100

0

% Max

100

0

A

Pupil

POm

Median
 Angle

Amplitude

B

P
up

il 
&

 W
hi

sk
in

g 
C

or
re

la
tio

n 

-5
0

0.15

0.3

0.45

-2.5 0 2.5 5
Lag (Pupil - Whisk) 

(sec)

C

-3 -1.5 0 1.5 3

0.16

0.08

0

Lag (Pupil & Whisk - POm)
(sec)

Figure 4: POm activity tracks pupil dynamics

Amplitude
Pupil

P
O

m
 C

o
rr

e
la

tio
n

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.03.04.977348doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.04.977348
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Sec

100

0

400 mV

Pupil

LP

Median
 Angle

Amplitude

100

0

60°

A

% Max % Max

% Max

% Max % Max

100

0

60°

500mV

100

0

B

10 20 30 40

Quiescent (Hz)

0

10

20

30

40

W
hi

sk
in

g 
(H

z)

C

0

Low Light
Bright Light

Bright Light Low Light

Median Angle
Amplitude
Bandpass Filtered

D

Lag (Whisk - Spike) (sec)

LP
 C

or
re

la
tio

n

-3 -1.5 0 1.5 3

0

0.06

0.12

Figure 5: LP activity tracks slow whisker dynamics.
.CC-BY-NC-ND 4.0 International licenseavailable under a

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 
The copyright holder for this preprintthis version posted March 5, 2020. ; https://doi.org/10.1101/2020.03.04.977348doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.04.977348
http://creativecommons.org/licenses/by-nc-nd/4.0/

	POm physiology v11 GHP RMB
	figures
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5 




