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Abstract 28 

Two major checkpoints of development in cerebral cortex are the acquisition of 29 

continuous spontaneous activity and the modulation of this activity by behavioral state. Despite 30 

the critical importance of these functions, the circuit mechanisms of their development remain 31 

unknown. Here we use the rodent visual system as a model to test the hypothesis that the locus of 32 

circuit change responsible for the developmental acquisition of continuity and state-dependence 33 

measured in sensory cortex is relay thalamus, rather than the local cortical circuitry or the 34 

interconnectivity of the two structures. We conducted simultaneous recordings in the dorsal 35 

lateral geniculate nucleus (dLGN) and primary visual cortex (VC) of awake, head-fixed male and 36 

female rats using linear multi-electrode arrays throughout early development. We find that 37 

activity in dLGN becomes continuous and positively correlated with movement (a measure of 38 

state-dependence) on P13, the same day as VC, and that these properties are not dependent on 39 

VC activity. By contrast, silencing dLGN after P13 causes activity in VC to become 40 

discontinuous and movement to suppress, rather than augment, cortical firing, effectively 41 

reversing development. Thalamic bursting, a core characteristic of non-aroused states, emerged 42 

later, on P16, suggesting these processes are developmentally independent. Together our results 43 

indicate that cellular or circuit changes in relay thalamus may be the critical drivers for the 44 

maturation of background activity, which occurs around the term in humans. 45 

 46 
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Significance Statement 47 

The developing brain acquires two crucial features, continuous spontaneous activity and 48 

its modulation by arousal state, around term in humans and before the onset of sensory 49 

experience in rodents. This developmental transition in cortical activity, as measured by 50 

electroencephalogram (EEG), is an important milestone for normal brain development 51 

and indicates a good prognosis for babies born preterm and/or suffering brain damage such as 52 

hypoxic-ischemic encephalopathy. By using the awake rodent visual system as a model, we 53 

identify changes occurring at the level of relay thalamus, the major input to cortex, as the critical 54 

driver of EEG maturation. These results could help understand the circuit basis of human EEG 55 

development to improve diagnosis and treatment of infants in vulnerable situations. 56 

 57 

  58 
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Introduction 59 

The mature cerebral cortex continuously generates activity spontaneously, even at rest 60 

(Fox and Raichle, 2007). In primary sensory cortex, sensory input does not provide the major 61 

drive but rather modulates ongoing network dynamics (Fiser et al., 2004; Sakata and Harris, 62 

2009). The function of this continuous background activity is an ongoing subject of study, but it 63 

is clearly both a target as well as effector of arousal and attention (Harris and Thiele, 2011; 64 

McCormick et al., 2015), including the generation of classically defined frequency bands 65 

observed by electroencephalography (EEG) (Steriade and McCarley, 2005).  66 

In contrast, the developing cortex exhibits long-lasting silent periods with very low spike 67 

activity (Khazipov and Luhmann, 2006). These silent periods last for up to several tens of 68 

seconds and are occasionally interrupted by oscillatory bursting activity (Ackman et al., 2012; 69 

Khazipov et al., 2013; Whitehead et al., 2017; Yang et al., 2016). In addition, early cortical 70 

activity is poorly organized by the behavioral state of animals and fails to show robust 71 

modulation by sleep and wakefulness (Gramsbergen, 1976; Scher, 2008; Seelke and Blumberg, 72 

2008). Such discontinuous and largely state-independent activity pattern prevails in most cortical 73 

areas during early development (Vanhatalo and Kaila, 2006), until the onset of sensory 74 

experience: near term in humans and eye-opening in the visual system of rodents (André et al., 75 

2010; Colonnese and Phillips, 2018). This developmental transition in cortical activity, as 76 

measured by EEG in human, is crucial for healthy brain development. Its presence indicates a 77 

good prognosis for babies born preterm and/or suffering severe brain damages such as 78 
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hypoxic-ischemic encephalopathy (Holmes and Lombroso, 1993; Rooij et al., 2005). Despite the 79 

scientific and clinical importance, the circuits necessary for development of continuous and 80 

state-dependent cortical activity remain to be understood.  81 

The visual thalamus, lateral geniculate nucleus (LGN), transmits a majority of visual 82 

information from the retina to VC (Sherman and Guilery, 2013). Rodent dLGN circuitry 83 

undergoes various developmental changes at the anatomical and synaptic levels (Bickford et al., 84 

2010; Brooks et al., 2013; Grant et al., 2012; Hong and Chen, 2011; Huberman et al., 2008; 85 

Seabrook et al., 2013), suggesting that the thalamus could potentially impact on cortical activity 86 

development. In adult rodents, activity and visual processing in VC is modulated in coordination 87 

with behavioral transitions from quiescence to moving (Ayaz et al., 2013, 2013; Bennett et al., 88 

2013; Fu et al., 2014; Lee et al., 2014; Niell and Stryker, 2010; Polack et al., 2013; Vinck et al., 89 

2015), potentially serving a model of cortical state regulation by behavioral engagement and 90 

arousal (Harris and Thiele, 2011). Multiple studies show that dLGN is similarly modulated by 91 

movement (Erisken et al., 2014; Usrey and Alitto, 2015; Williamson et al., 2015) (but not (Niell 92 

and Stryker, 2010)), suggesting that state-dependent modulation of VC activity could arise in part 93 

from relay thalamus. However, it remains largely uncharacterized how dLGN activity develops in 94 

vivo and to what extent dLGN is necessary for maintaining and modulating mature VC activity at 95 

various developmental stages. 96 

Here we investigate whether and to what degree the development of cortical activities 97 

described above are the result of circuit maturation in the thalamus or thalamocortical 98 
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relationships. We address these questions in the visual system of awake, head-fixed rats by 99 

simultaneous recordings of visual thalamus and cortex using multi-electrode arrays. We find that 100 

the visual thalamus plays a critical role for the onset and maintenance of continuous activity as 101 

well as for the emergence of adult-like modulation of cortical activity associated with movement. 102 

Our results provide a developmental time-course of thalamocortical activity maturation in vivo 103 

and demonstrate the important thalamic contributions to cortical activity development. 104 

 105 

Materials and Methods 106 

In vivo electrophysiology 107 

All experiments were conducted with approval from The George Washington University 108 

Institutional Animal Care and Use Committee, in accordance with the Guide for the Care and Use 109 

of Laboratory Animals (8th Edition, National Academies Press). Long–Evans female rats (RRID: 110 

RGD_1302656) with litters at postnatal day 4 (P4, birth P0), or pregnant female rats at embryonic 111 

day 11-19, were acquired from Hilltop Lab Animals (Scottdale, PA) and housed one litter per 112 

cage on a 12-12 hour light/dark cycle. Both male and female pups were used for experiments. 113 

Eyelid opening occurred between P13 and P14. In vivo recording methods are as previously 114 

described (Murata and Colonnese, 2016). Topical lidocaine (2.5 %) and systemic Carprofen (5 115 

mg/kg) were used for pre-operative analgesia. To place the headplate, under isoflurane anesthesia 116 

(3 % induction, 1-2 % maintenance, verified by toe pinch), the scalp was resected, the skull was 117 

cleaned, and a stainless plate with a hole was placed so that the region over occipital cortex was 118 
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accessible. The plate was fixed to the skull with dental cement. Pups were monitored for signs of 119 

stress after recovery from anesthesia. For recording, the animal was head-fixed, and the body was 120 

supported within a padded enclosure. For unweaned animals younger than P19, body temperature 121 

was monitored with a thermocouple placed under the abdomen and maintained at 34–36 °C by 122 

heating pad placed under the body restraint. Body movement was detected using a piezo-based 123 

detector placed under the enclosure. Electrical activity of neck muscle was detected by 124 

electromyogram (EMG) from the ventral neck. For VC recording, the skull above the monocular 125 

primary visual cortex was thinned, and the monocular primary visual cortex was targeted with the 126 

following coordinates: 0.5-1.2 mm anterior from the lambda suture, and 2.5-3.0 (P5-7), 2.8-3.3 127 

(P9-11), 3.0-3.5 (P13-14), 3.3-3.8 (P16-P26), or 3.5-4.0 (P42-P60) mm lateral from lambda. 128 

Coordinates for dLGN were 2.0-2.5 mm anterior and 3.0-3.5 mm lateral (P5-7), 2.3-2.8 mm 129 

anterior and 3.3-3.8 mm lateral (P9-11), 2.5-3.0 mm anterior and 3.5-4.0 mm lateral (P13-14), or 130 

3.0-3.5 mm anterior and 3.7-4.2 mm lateral (P16-26), or 3.3-3.8 mm anterior and 3.8-4.3 mm 131 

lateral from the lambda (P42-60). Extracellular activity was recorded using 32 channel 132 

single-shank, linear arrays (NeuroNexus, MI). A combination of linear ‘edge’ arrays with 100, 50 133 

or 20 μm separation or ‘Poly2’ design of two parallel rows with 50 μm separation were used. 134 

Electrodes were coated with DiI (Life Technologies, CA) before insertion for histological 135 

verification of electrode location. For P5-7 animals (before visual responsiveness) recordings were 136 

tentatively judged to be in dLGN or VC if they displayed prominent 1-5 s firing and elongated 137 

network silence indicative of retinal waves at this age (Hanganu et al., 2006). In animals older than 138 
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P8, recording was initiated if flash-evoked (contralateral eye) firing on presumptive dLGN 139 

electrodes preceded VC. Four animals were not recorded for this reason. Post-mortem 140 

reconstruction of the electrode tract was used to verify placement within central dLGN and 141 

monocular VC by reference to a developmental atlas (Khazipov et al., 2015). Three P5-7 animals 142 

were not analyzed because the electrode was not located in the dLGN. An Ag/AgCl wire was 143 

placed over right frontal cortex (~1 mm posterior and 3 mm lateral to bregma) as ground. 144 

Electrical signals were digitized using the Neuralynx (Bozeman, MT) Digital Lynx S hardware 145 

with Cheetah (v5.6) software. dEEG signals were band-pass filtered between 0.1 Hz to 9 kHz, 146 

and digitized at 32 kHz. Cortical recordings were referenced to a contact site located in the 147 

underlying white matter. dLGN recordings were referenced to a contact just dorsal to dLGN. 148 

MUA was extracted by threshold crossing of -50 μV following 300 Hz - 9 kHz band-pass. Visual 149 

stimuli were provided by a 100ms whole-field flash (100 lux) every 30s to the contralateral eye 150 

on a background of low light (<1 lux).  151 

For thalamic silencing, the dLGN electrode was removed after control recording, and 152 

200-500 nl of 1 mM Muscimol and 1 % Chicago Sky Blue in saline (Poulet et al., 2012) was 153 

injected using a Nanoject II (Drummond) at the same stereotaxic coordinates used for the dLGN 154 

recording. Recording began 10 min after injection. The injection site was confirmed post-mortem 155 

to be located in dLGN and to not have invaded cortex. For VC silencing, after baseline recording, 156 

2-3 μl of APV (5 mM) / CNQX (2 mM) in saline was applied to the burr hole used for VC 157 

recording, and recording re-started after 10 min. VC silencing was confirmed by verifying the 158 
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complete secession of firing in all layers of VC. Because dLGN and VC recordings were not 159 

aligned, we cannot be certain that the aligned portion of VC was completely inhibited by the 160 

treatment. However, the drug eliminated activity at all depths (~1.2 mm) of VC before P14. 161 

Assuming a similar horizontal spread (2 mm diameter), inhibition will, at a minimum, affect all 162 

of monocular VC. Thus it is likely that activity is severely reduced throughout the relevant 163 

regions of VC. For post-mortem analysis, animals were perfused with 4 % paraformaldehyde in 164 

PBS, the brains sectioned by vibratome, and mounted with Fluoromount-G (Electron Microscopy 165 

Sciences). Images were acquired using a Zeiss DM6000 B microscope with a 10x objective. 166 

Analysis 167 

Neural signals were imported into Matlab (RRID: SCR_001622). Spike-times and dEEG 168 

were downsampled to 1 kHz. Before analysis, six animals were eliminated for unstable baseline 169 

LFPs (periods of spontaneous fluctuation larger than the maximum amplitude of visual response) 170 

or spike activity (> 20 % change in total multi-unit firing rate between the start and end of 171 

recording). The open-source Klustasuite was used for spike isolation, clustering and manual 172 

curation (Rossant et al., 2016). A spike isolation ‘strong’ threshold of 6 SD and ‘weak’ threshold 173 

of 3 SD were used to minimize low-amplitude, unclusterable spikes (Colonnese et al., 2017). 174 

Initial clustering was evaluated for merging or splitting of clusters based on visual waveform 175 

analysis and similarity. After eliminating clusters composed of noise, clusters with poor reduction 176 

of the autocorrelation near 0 ms and/or clear superposition of 2 or more distinct waveforms were 177 

marked as multi-unit clusters. The remaining, potentially single-unit, clusters were evaluated for 178 
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inclusion as good single-units if the interspike interval refractory violations (<1 ms) accounted 179 

for less than 0.1 % of spikes. All clusters were assigned a primary contact localization by 180 

determining the location of the maximum amplitude in the mean waveform. 181 

Cortical L4 was identified in each recording as the channel with the earliest negative 182 

deflection and the fastest spike response in the mean visual evoked response as previously 183 

described (Berzhanskaya et al., 2017). For dLGN, visual-responsive regions were identified by 184 

100 ms flashes to the contralateral eye. The dLGN channel with the earliest spike response to 185 

contralateral visual stimuli was used for detailed analysis of multi-unit spike rates, continuity, and 186 

modulation. For P5-7, because of the lack of visual response at this age, cortical L4 was identified 187 

as the channel with the largest spike response during spontaneous spindle-bursts; likewise the 188 

recording site in dLGN with the strongest spike activity during spindle-bursts was used for detailed 189 

analysis.  190 

For all analyses, activity for each animal was calculated from the entirety of a continuous 191 

20 min baseline control period and from a 20 min period following manipulation. For spectral 192 

analysis in VC, LFP spectra were obtained over a fixed window (2s for spontaneous and 0.3s for 193 

visually evoked response) by the multitaper method using the freely available Chronux package 194 

(Mitra and Bokil, 2007) with taper parameters [3 5]. Movement periods were defined by the 195 

presence of EMG or piezo signal with a root mean square signal greater than 2 standard 196 

deviations above baseline for longer than 300ms. This duration was chosen by observation to 197 

separate spontaneous twitching during sleep from volitional motion. Quiet periods between 198 
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moment lasting <500ms were considered as part of the movement period. For spectral analysis, if 199 

motion lasted <2s (but longer than the minimum) a 2s window centered on the movement was 200 

analyzed. A minimum of 10s without movement was required to define a quiescent period. In 201 

order to avoid residual and anticipatory arousal effects (Vinck et al., 2015), spiking and spectral 202 

analysis was taken beginning 3s from the end of the last moving period and ending 1s from the 203 

beginning of next. Animal mean spectra were calculated by averaging spectral windows in each 204 

“state”. To reduce the effect of the 1/f relationship, mean multi-taper spectra were multiplied by 205 

frequency. For dLGN, animal mean MUA spectra were obtained by calculating the Fourier 206 

transform of the auto-correlation of MUA. Time-series spectra for dLGN MUA (Figs. 1, 3, and 7) 207 

were calculated by filtering the MUA time series with a Gaussian window (5 ms alpha) and 208 

applying the multi-taper method as above. For both signals, the frequency axis was resampled on 209 

a log scale to equalize the representation of high and low frequencies and reduce the multiple 210 

comparisons problem. For normalization, frequency power at each band was divided by the mean 211 

power. Spike continuity is the inverse of the proportion of time occupied by interspike intervals 212 

greater than 500 ms in MUA. Movement modulation was calculated as (FRmov – FRquies)/FRquies. 213 

For visual responses, onset time was calculated as the median of the first spike following 214 

stimulus for all trials, offset time was the time when mean firing rate fell below 20% of the peak 215 

firing rate.  Duration was the time between onset and offset.  216 

Experimental Design and Statistical Analysis 217 

Both male and female of Long-Evans rats were used. No formal sorting or randomization 218 
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of subjects was applied, and experiments and analysis was not blind to age or treatment. The 219 

number of animals included in experiment is included in the figure legend. 220 

Mean ± standard error of the mean (SEM) and each data point is reported. Hypothesis 221 

tests were conducted using non-parametric methods when n was less than ten. Wilcoxon 222 

signed-rank test was used for pairwise comparison. One-way analysis of variance (ANOVA) was 223 

used for all tests of age-dependence, and post-hoc test (Tukey HSD) used to examine differences 224 

between specific age groups. Descriptive statistics and results of the ANOVA are reported in 225 

Table 1. Significant differences by post-hoc test (p<0.05) are reported as asterisks on the relevant 226 

figure. P-values below 0.001 are rounded to nearest power of ten. Spectra were examined at each 227 

frequency for significant difference using non-parametric permutation tests corrected for multiple 228 

comparisons by the method of Cohen (Cohen, 2014), with a p<0.01. The exact frequency or 229 

interval ranges detected are reported in Table 1, and referenced as needed for clarity in the 230 

Results. All tests were performed in Matlab. The number of animals is reported in the Figure (it is 231 

6/group unless otherwise noted).  232 

233 
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Results 234 

We conducted extracellular recording simultaneously from the visual thalamus, dorsal 235 

lateral geniculate nucleus (dLGN), and from the monocular primary visual cortex (VC) of awake, 236 

head-fixed Long-Evans rats from postnatal day (P)5 to P60 (Fig. 1). We used multi-electrode 237 

linear-array to record from multiple sites of different depth. All recordings were performed in 238 

unanesthetized head-fixed animals because even very light anesthesia eliminates most of spikes 239 

and oscillations during early development (Ackman et al., 2012; Colonnese and Khazipov, 2010). 240 

Body movement was detected using a piezo-based detector placed under the enclosure, while the 241 

nuchal electromyogram (EMG) was recorded from the ventral neck. Spontaneous alternation 242 

between movement and quiescence has emerged as robust method to measure the cortical effects 243 

of arousal and engagement (Harris and Thiele, 2011). Absence of movement theoretically can 244 

include multiple arousal states, including deep slow-wave sleep, quiet wakefulness, quiet arousal 245 

and rapid eye movement sleep, that can be differentiated by pupil diameter, eye-lid closure, and 246 

EEG in adults. However monitoring of pupil and eye-lid status as well as EEG cannot be used 247 

consistently over the age ranges examined here (Jouvet-Mounier et al., 1970; Seelke and 248 

Blumberg, 2010; Vinck et al., 2015), requiring a more consistent albeit low-resolution metric for 249 

state-dependence. Likewise, a treadmill or similar apparatus was not used to monitor locomotion 250 

because it is not a practical method for weeks one and two when they must be externally 251 

thermoregulated. For this initial exploration of thalamocortical activity development we have 252 

limited the quantification of state-dependence to the behavioral transition between quiescence 253 
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and active movement during head-fixed body restraint, which is qualitatively similar to 254 

transitions between quiescence and running in mice (Berzhanskaya et al., 2017). In our set-up 255 

quiescence largely consisted of quiet wakefulness, with greater proportion occupied by quiet 256 

(non-REM) sleep in younger animals. Active/REM sleep is rare in head-fixed rodents unless 257 

special and age-specific efforts are made to elicit it (Karlsson and Blumberg, 2003; Yüzgeç et al., 258 

2018).  259 

Consistent with previous results (Ackman et al., 2012; Colonnese and Khazipov, 2010; 260 

Colonnese et al., 2017), until P11, the VC has long-lasting silent periods with no spiking activity 261 

in any layer (Fig 1A). Locally, these silent periods last for tens of seconds but are occasionally 262 

interrupted by spontaneous oscillatory activity, called spindle-bursts or 263 

spontaneous-activity-transient (SAT), which are the cortical response to spontaneous retinal 264 

waves (Hanganu et al., 2006). Spindle-bursts contain powerful 20-30 Hz oscillations that last up 265 

to several seconds (Colonnese and Khazipov, 2010). Also consistent with previous reports 266 

(Murata and Colonnese, 2016), dLGN showed a similar pattern of long silent periods interrupted 267 

with 20-30Hz oscillations. At these young ages, animal movement and neuronal activity were not 268 

robustly visibly correlated in either dLGN or VC. After P13, spontaneous spiking and LFP 269 

activity was largely continuous in both VC and dLGN (Fig. 1B). At these ages, movement was 270 

visibly consistently associated with an increase in multi-unit spike rate (MUA) in dLGN and VC 271 

as well as with decreases in the large amplitude, slow frequencies of the LFP. 272 
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Simultaneous development of continuity and movement-modulation in thalamus and cortex 273 

To quantify the developmental changes in spontaneous activity in these two structures we 274 

recorded simultaneously in dLGN and VC from age groups designed to reflect the major 275 

developmental stages: P5-7 (stage 2 retinal waves); P9-11 (stage 3 retinal waves); P13-14 (after 276 

development of continuous activity in VC); P16-19 (pre-critical period); P21-26 (critical period); 277 

and P42-60 (near adult). The percentage of time spent in moving was similar in all age groups 278 

(n=6 each; P5-7 11.7±2.4%, P9-11 14.1±3.0%, P13-14 12.1±2.6%, P16-19 10.3±3.1%, P21-26 279 

14.6±4.1%, P46-60 8.8±3.2%, ANOVA for age, F(5,30) = 0.50, p = 0.77).  280 

We first measured the statistics of firing rate and continuity across all behavioral states. 281 

Spontaneous MUA firing-rate in the layer 4 of VC and in dLGN develop in close parallel, with 282 

increases of nearly an order of magnitude increase between P5-6 and P13-14, more than 283 

two-thirds of the increase occurring between P9-11 and P13-14. By contrast in the week after 284 

P13-14 MUA firing rates increased by less than 1.3-fold, with no significant changes between 285 

adjacent age groups (Fig 2A; Table 1). We measured the continuity of activity as the proportion 286 

of time in which at least two spikes occurred with an interval of 500ms, approximately the 287 

smallest naturally occurring down-state in head-fixed rats (Colonnese, 2014). Spike continuity in 288 

the VC and dLGN also both increases by more than 10 fold between P5-6 and P13-14, with the 289 

only significant differences between adjacent groups occurring between P9-11 and P13-14. 290 

dLGN continuity was statistically unchanged after P13-14, while VC continuity further increased 291 

by 1.2 fold by P16-19 and remained unchanged thereafter (Fig. 2B). Thus, VC and dLGN follow 292 
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similar developmental trajectories for spike-rate and continuity, suggesting that changes in dLGN 293 

may drive those occurring in VC. 294 

We next examined how spike-modulation associated with movement emerges in 295 

thalamocortical circuits during development. Spike-rate is reduced during movement in rat VC 296 

(Mukherjee et al., 2017) during the second post-natal week, while mice show increased firing 297 

during movement in L4 one day after eye-opening (Hoy and Niell, 2015). The specific timing of 298 

this switch not been examined in the same species under similar conditions, and has not been 299 

examined in dLGN for either species. We found that spike-rates in both VC and dLGN 300 

significantly decreased during movement periods before P11. After P13 we observed significant 301 

movement-associated increases in spike-rates in dLGN, which did not change significantly 302 

thereafter (Fig. 2C2). In VC, spike-rates show a trend toward increase during movement at 303 

P13-14, which was statistically significant at all ages after P16 (Fig 2C1).  304 

Next, we examined the frequency modulation of VC LFP by movement during 305 

development. At P5-7 and P9-11, spectral power during quiescence largely accumulated in a 306 

single (or dual resonance) peak centered at 7-8 Hz at P5-6 and 20Hz at P9-11, reflecting the 307 

dominant effect of retinal wave driven spindle-burst oscillations (Fig. 2D). During movement, 308 

spontaneous LFP spectra maintained this same frequency distribution, though power in the 309 

spindle-burst frequency band was significantly reduced (7.5-8.9Hz at P5-6 and 8.2-22.9Hz at 310 

P9-11), suggesting a general suppression of activity during movement rather than qualitatively 311 

different cortical state. After P13, the transition from quiescence to movement was accompanied 312 



 

page 18   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

by large-scale reorganization of the frequency distribution of cortical activity. Broad beta and 313 

gamma power (16.2-49.6 Hz) became increased during movement at P13-14(Fig 2D). The 314 

oscillation frequency of movement-associated modulation becomes narrower for the next few 315 

weeks and until it was restricted to the gamma frequency range at P42-60 (41.7-49.6 Hz), 316 

consistent with previously reported experience-dependent development of cortical gamma 317 

oscillations (Chen et al., 2015; Hoy and Niell, 2015). In addition, power in lower frequencies 318 

(<10 Hz) was first significantly augmented during quiescence beginning at P13-14 (Fig 2D), and 319 

this augmentation remained consistent throughout the older ages. Next, we analyzed the 320 

correlation between dLGN firing and VC LFP throughout development. Correlation between 321 

dLGN spike-rate and VC LFP spectral power shows that positive correlation in the high 322 

frequency range and negative correlation in the low frequency range appear after P13 (Fig 2E), 323 

demonstrating that dLGN firing becomes tightly associated with the pattern of VC LFP frequency 324 

distribution just before the onset of visual experience.  325 

In total, these results suggest that visual thalamus and cortex acquires adult-like 326 

movement-associated changes of cortical state, which include augmentation of spike-rates in both 327 

structures and shifts in the LFP patterns driven by increases in thalamic firing, as early as P13, 328 

with only subtle additional changes over the next weeks.  329 

 330 

dLGN is necessary for continuity and adult-like movement-modulation in VC after P13 331 

The results described above suggest that the changes in thalamic behavior are responsible 332 
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for the developmental acquisition of continuity and adult-like state-switching in association with 333 

movement in VC. To examine the degree to which dLGN contributes to VC activity and its 334 

modulation, we pharmacologically silenced dLGN by local injection of 1 mM Muscimol and 1% 335 

Chicago Sky Blue dye after recording under control condition (Poulet et al., 2012). Only animals 336 

in which post recording histology revealed the injection site to be centered in dLGN were 337 

included in the analysis. dLGN silencing was further validated by the lack of visual response in 338 

VC. Because animals younger than P8 do not show visual response (Colonnese et al., 2010), we 339 

investigated animals older than P9. Recordings from hippocampus directly under VC did not 340 

show an effect of drug infusion on spike activity (n=6, total firing rate change after infusion: 341 

+2.9%±11.1%, Wilcoxon signed-rank test, p=0.68), showing that muscimol did not effectively 342 

spread more than 1.5mm from the injection site. However, parts of the nearby lateral posterior 343 

nucleus (pulvinar), with direct projections to VC (Roth et al., 2016), could also be implicated in 344 

blockade.  345 

Thalamic silencing decreased VC spike rates and continuity at all ages and changed the 346 

direction of movement associated spike-rate modulation in VC after P13 (Fig 3A, B). Silencing 347 

reduced VC spike rates by more than 50% at all ages examined (Fig 3C), with no significant 348 

differences between ages (Table 1). Silencing also reduced VC spike continuity by at all ages (Fig 349 

3D); this effect of silencing grew weaker with age, from a maximal effect of 94% reduction 350 

P9-11 and minimal effect of 58% P46-60. These results show that VC requires intact dLGN 351 

activity to maintain its spike-rate and continuity not only in early development, but also in adults. 352 
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Next, we analyzed whether thalamic silencing affects VC spike-rate modulation 353 

associated with movement. Silencing significantly reduced firing-rate increases observed during 354 

movement after at all ages P13-14 and older, but not at P9-11 (Fig. 3E; Table 1). Interestingly, 355 

thalamic silencing made VC at all ages resemble P9-11, as firing rates were significantly reduced 356 

during movement, rather than increased as before the silencing. In addition, silencing changed the 357 

VC LFP frequency distribution during quiescence, and disrupted the state changes associated 358 

with movement (Fig. 3F & G). In particular, beta and gamma frequency bands were no longer 359 

augmented during movement compared to quiescence (Fig 3F, G). Significant reductions in low 360 

frequency bands were still observed following thalamic silencing, suggesting a cortical origin for 361 

these rhythms and their state-dependence. These results suggest the crucial role of relay thalamus 362 

in the generation of high-frequency spiking and field potential activity in VC during movement. 363 

This role of dLGN to drive continuity and movement-dependence may result from 364 

changes in thalamus and its inputs, or result from changes in the corticothalamic loop. Therefore, 365 

to determine if VC is required for dLGN activity modulation, we pharmacologically silenced VC 366 

by local application of the glutamate antagonist APV and CNQX. The effective silencing of VC 367 

at these ages was confirmed by the complete loss of VC spikes. We have previously shown that 368 

VC silencing decreases dLGN activity at P9-11 but increases it at P13-14, suggesting the cortical 369 

feedback changes its role from amplification to suppression of thalamic activity between P11 and 370 

P13 (Murata and Colonnese, 2016, Figure 3). Here we present the result of cortical silencing on 371 

movement associated firing rate changes. At P9-11, dLGN MUA firing rates are decreased by 372 
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39.3±8.9% during movement before VC silencing, and 35.8±5.2% after (Fig. 4A; n=6, Wilcoxon 373 

signed-rank test for difference from 0, before & after p = 0.031; difference between Control and 374 

VC- p = 0.219 by Wilcoxon). By contrast, at P13-14, dLGN spikes-rate increased during 375 

movement 80.5±21.1% before and 35.6±17.4% after VC silencing (Fig. 4B; n = 6, Wilcoxon test 376 

for difference from 0, before & after p = 0.031). The difference between the between the two 377 

conditions was not significant (Wilcoxon p = 0.813). These results show that although VC 378 

amplifies dLGN spike activity before P11 and suppresses it after P13 (Murata and Colonnese, 379 

2016), VC is not required for movement-associated modulation of dLGN spike rate at any age. 380 

Together, the results above suggest that the changes in visual thalamic circuits, not in cortical, are 381 

responsible for acquisition of continuous movement-correlated activity. 382 

 383 

Thalamic developmental changes occur in single-units  384 

Next, we examined the development of dLGN activity at the neuron level by isolating 385 

presumptive single-units from a multi-electrode array (Fig5A, B). The mean number of clusters 386 

that could be categorized as reliable single-units in each animal more than trippled between P9-11 387 

and P16-19 (Fig. 5C; Table 1 for all descriptive stats), but the proportion of total recorded spikes 388 

that were placed in good clusters was not significantly different between ages (Fig. 5D), 389 

suggesting spike sorting using the masked EM algorithm was of similar quality among ages 390 

examined (Rossant et al., 2016). Mean spike amplitude gradually increased with age (Fig. 5E; 391 

lowest P5-7 65.8±4.5 V; highest P42-60 130.6±6.1 V), whereas spike width is gradually 392 
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decreased between P13-14 (0.76±0.01 ms) and P42-60 (0.51±0.01 ms) (Fig. 5F). 393 

The single unit recordings show a similar, though more gradual, development of spike 394 

rate and continuity as observed for the MUA (Fig 5 G & H; Table 1). Mean animal firing rate 395 

showed a significant effect of age, increasing gradually from 0.49±0.04 spikes/second at P5-7 to 396 

3.18±0.2 spikes/second at P42-60, with significant changes between adjacent age groups at P5-7 397 

vs P9-11 and P9-11 vs P13-14 (Fig. 5G1)(n=6/group). Mean spike-rate for all neurons showed a 398 

similar pattern (Fig. 5G2) (for this and all single-unit analysis: n=6 animals per group and P5-7 399 

69, P9-11 87, P13-14 192, P16-19 258, P21-26 221, P42-60 250 neurons). Mean animal 400 

continuity was 0.06±0.01 at P5-7, increasing significantly to 0.31±0.02 P42-60, but no adjacent 401 

age groups were significantly different until the P21-26 and P41-60 groups (Fig. 5H1). 402 

Examination of the means for all neurons was similar (Fig. 5H2). In contrast to spike-rate and 403 

continuity, for which the parameters developed more gradually for single-units compared to 404 

multi-units, the developmental changes in spike-rate associated with movement developed as a 405 

step-function between P9-11 and P13-14 (Fig 5I). Mean animal single-unit 406 

movement-modulation (Fig. 5I1) was significantly negative at P5-7 (-29±6%) and P9-11 407 

(-22±4%). At all ages P13-14 and older, movement was associated with significantly increased 408 

firing (between 48% and 67% increases). The mean movement change for all neurons was similar 409 

(Fig. 5I2) to the animal means.   410 

During states of behavioral quiescence, thalamic neurons produce rapid bursts of spikes 411 

which likely contribute to the changes in cortical rhythms and sensory responses during 412 
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inattentive states (Llinás and Steriade, 2006). We investigated the development of thalamic 413 

bursting and its relationship to cortical activity development by analyzing the distribution of 414 

interspike intervals of dLGN single-units during movement and quiescence. We first examined 415 

the spike intervals separately for moving and quiescence at each age group by calculating the 416 

distribution for all intervals (1 ms bins) in a group. The interval distributions (Fig. 6A & B) show 417 

clear shifts over age. At P5-7 and P9-11, the interval distributions were dominated by a low and 418 

high-frequency peaks that correspond to the structure of spindle-bursts at these ages (Murata and 419 

Colonnese, 2016), but did not change much between movement and quiescence. Beginning with 420 

the P13-14 group, difference between moving and quiescent periods emerged, as quiescence 421 

became associated with a peak in the distribution below intervals of 5 ms, first appeared 422 

unimodal before becoming bimodal by P21-26. To analyze the changes associated with 423 

movement statistically, we constructed a separate distribution using a logarithmically increasing 424 

bin size and first calculating interval distributions for each animal on which to perform a 425 

permutation analysis (p<0.01) to determine intervals with statistically significant changes in 426 

occurrence between movement and quiescence (Fig. 6C). No significant difference were 427 

observed at P5-7 or P9-11. At P13-P14 we observed an increase in the proportion of intervals 428 

48-51ms during movement. At P16-P19 and above we observed a continued increase in longer 429 

intervals during movement as well as an increase in very short (<4 ms) intervals during 430 

quiescence.  431 

Very short (<4ms) interspike intervals are defined as thalamic bursting in adults (Steriade 432 
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and McCarley, 2005; Weyand et al., 2001). Thus, we next analyzed bursting activity in dLGN. 433 

Bursts are defined as at least two spikes with 4 ms or shorter inter-spike intervals following a 434 

100ms or longer silent period (Weyand et al., 2001). No more than 1.4% of spikes were part of a 435 

burst during movement periods at any age (Fig. 6D1). During quiescence the proportion of spikes 436 

in bursts increased from 1.3±0.5% at P13-4 to 8.9±0.4% at P16-19 (Fig 6D2). Age groups below 437 

P13-14 did not significantly differ from each other in burst proportion, and all were different 438 

from age groups P16-19 and above. Likewise older animals differ significantly from the younger 439 

groups, but not each other. These results show that significant bursting activity appears in dLGN 440 

by P16, a few days after the thalamic and cortical acquisition of movement associated modulation, 441 

suggesting that movement-associated modulation of firing rate and bursting develop 442 

independently in thalamus. 443 

 444 

Thalamocortical visual response and transmission mature similarly to spontaneous activity 445 

Lastly, we quantified development of thalamocortical transmission by analyzing thalamic 446 

and cortical responses to the whole-field visual stimulation. Because animals younger than P8 do 447 

not show visual responses, we examined animals older than P9 and gave 100ms whole-field 448 

visual stimuli on the contralateral eye through the closed (until P13) or opened eyelid (after P14). 449 

Before P11, light flashes evoked slow-onset, long-lasting, high-amplitude responses that 450 

are typically composed of two distinct phases; an initial response containing gamma oscillation 451 

followed by a secondary response containing beta oscillation (Colonnese et al 2010). dLGN 452 
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MUA shows a similar bi-phasic spectral response as VC (an example is shown in Fig. 7A and 453 

more quantitative analysis in Murata and Colonnese, 2016). After P13, the same light flashes 454 

evoked more adult-like visual response, consisting of a fast-onset and short-lasting response 455 

without secondary activation in both structures (Fig 7B).  456 

We calculated developmental changes in the onset and offset latency to determine what 457 

portion of these changes observed in cortex are mirrored in dLGN. Population mean 458 

post-stimulus spike rate histogram for dLGN and VC were constructed, and each age showed 459 

qualitatively similar developmental profiles between these two structures (Fig 7C, D). In 460 

particular, both structures change from long-duration responses to short, peaked responses 461 

between P9-11 and P13-14. Quantitative analysis of the population averages for response on and 462 

off latency, as well as total response duration, shows that visual responses in both VC and dLGN 463 

mature mainly between P11 and P13 (Fig 7E-G). Off-latency and duration significantly declined 464 

between P9-11 and P13-14, but not thereafter, while on-latency also showed significant 465 

reductions between P13-14 and P21-26 and P42-60. The latency between dLGN onset and VC 466 

onset matured along the same pattern, significantly decreasing between P9-11 and P13-14 but not 467 

after, suggesting an improvement in thalamocortical transmission at the time of the state 468 

transition (Fig 7H). To examine potential thalamic contributions to the shortening of the visual 469 

responses between P9-11 and P13-14 we examined the offset latency between dLGN and VC. 470 

Previously results have indicated a rapid increase in feedforward inhibition driven by retinal 471 

axons in dLGN (Ziburkus et al., 2003; Dilger et al., 2011), by thalamocortical axons in VC 472 
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(Colonnese, 2014) and by corticothalamic feedback to dLGN (Murata and Colonnese, 2016), all 473 

of which could contribute to the shortening. Surprisingly VC stops firing before dLGN at all ages 474 

(Fig. 7I) even though there was a significant drop in the off-latency between P9-11 and P13-14, 475 

the same day as the shortening. This suggests that inhibition in VC, in addition to shortening of 476 

dLGN responses, is a contributor to the visual response changes occurring on P12. Together our 477 

results suggest that thalamic and cortical visual responses and transmission mature 478 

simultaneously with the changes in spontaneous activity around P13. 479 

 480 

Discussion 481 

In this study, we provide a comprehensive developmental profile for activity in VC and 482 

dLGN using simultaneous recordings in unanesthetized rats. Our study examined a central 483 

developmental mystery: the locus of developmental change that ushers in continuous 484 

‘background’ activity, the basis of cortical states and their modulation by arousal and vigilance. 485 

For primary visual thalamocortex of rats, we show that the emergence of both continuity and one 486 

component of arousal modulation--movement-associated increases in firing--occurs 487 

simultaneously in both structures between P11 and P13, just before eye opening. Activity in 488 

dLGN is necessary to maintain continuous activity and its modulation by movement in VC from 489 

eye-opening to adulthood, while cortical activity is not necessary for either in dLGN after P13. 490 

Thus, continuity of activity and its robust modulation by behavioral state arises during 491 

development not because of circuit changes in VC, or within the thalamocortical loop, but 492 
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through the acquisition of both within dLGN and/or its inputs. The simultaneous emergence of 493 

both continuity and state-modulation suggests they are driven by the same mechanisms. This 494 

mechanism is not thalamic bursting, which emerges three days later. Finally, we further implicate 495 

circuit changes within dLGN as the locus for the rapid decrease in excitability to visual stimuli 496 

that occurs simultaneously with spontaneous activity in rodents, ferrets, and humans (Colonnese 497 

and Phillips, 2018; Li et al., 2017; Smith et al., 2015). Together, our results show that for the 498 

visual system, relay thalamus plays an unexpectedly important role as a central pacer of activity 499 

development in cortex, and may provide crucial clues to the mechanism of action of 500 

developmental insults such as severe infection and hypoxia/ischemia which disrupt the 501 

development of continuous activity to disastrous effect (André et al., 2010; Benders et al., 2015; 502 

Iyer et al., 2014; Ranasinghe et al., 2015). Animal models systemically mimicking common brain 503 

injuries, such as thalamic or white-matter lesions after hypoxic-ischemic encephalopathy 504 

(McQuillen and Ferriero, 2004; Miller et al., 2005; Rutherford et al., 2010), have the potential to 505 

inform the circuit basis of disrupted EEG and improve diagnosis of infants in vulnerable 506 

situations. 507 

LGN is the locus for the acquisition of mature background activity in VC 508 

During the period of initial thalamic axon growth and cortical circuit formation, 509 

spontaneous activity generated within thalamocortical circuits is minimal (Ackman and Crair, 510 

2014; Colonnese and Khazipov, 2012; Leighton and Lohmann, 2016). Instead, activation is 511 

largely provided by inputs to thalamus. This input comes from spontaneous bursts in the sense 512 
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organ in primary sensory and motor cortex, and hippocampus in frontal association regions (An 513 

et al., 2014; Hartung et al., 2016; Luhmann and Khazipov, 2018; Rio-Bermudez et al., 2015). 514 

Because modulation of continuous, internally generated thalamocortical activity is the basis of 515 

the commonly described cortical vigilance states (McCormick et al., 2015), its absence in early 516 

development contributes to the poor and atypical state regulation of cortical activity observed 517 

during the early development of all mammalian species (Jouvet-Mounier et al., 1970; 518 

Marcano-Reik and Blumberg, 2008; Seelke and Blumberg, 2010). As measured by the 519 

electrocardiogram and EMG, neonates cycle through wake and sleep states similar to those found 520 

in adults (Blumberg et al., 2014; Dereymaeker et al., 2017). Furthermore, the midbrain and 521 

hindbrain nuclei regulating arousal behave similarly in infants and adults (Karlsson and 522 

Blumberg, 2005). Thus acquisition of cortical activity regulation by behavioral and brainstem 523 

arousal awaits integration of thalamocortex into the ascending activating and sleep-regulatory 524 

systems, not the development of these systems per se. For example, during the first two 525 

post-natal weeks VC neurons (and network) do not produce an ‘active’ (‘Up’) state either during 526 

sleep or wakefulness, but on P13 they express both persistent stable depolarization during 527 

wakefulness as well as alternating up and down-states during sleep, as if the mechanisms shifting 528 

cortex between waking and sleep were intact but they lacked a target to modulate (Colonnese, 529 

2014).  530 

The present results significantly extend our understanding of this process by identifying, 531 

for visual thalamocortex at least, changes within relay thalamus as its locus. Recent work has 532 
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indicated a critical role for thalamus in the maintenance of continuous activity during waking and 533 

sleep in adults (Lemieux et al., 2014; Reinhold et al., 2015). Our results show that what is 534 

missing during early development of VC is not the capacity to respond to spontaneous activity in 535 

dLGN, or to changes in the circuitry or activity of cortical feedback, but rather the capacity of 536 

relay thalamus itself to generate continuous and state-dependent activity.  537 

The specific circuit changes within dLGN that drive these processes remains unclear. 538 

Increasing continuity of retinal ‘background’ activity likely contributes. In mice, spontaneous 539 

(discontinuous) waves of retinal ganglion cells transition to continuous, response-type specific 540 

patterns during the third postnatal week (Demas et al., 2003). In adult cats, the large majority of 541 

spontaneous dLGN activity is driven by retina, but dLGN quickly recovers spontaneous activity 542 

after retinal lesions suggesting that intrinsic excitability of dLGN relay cells can contribute to 543 

regulation of spontaneous firing and may play a factor in its development (Eysel and Grüsser, 544 

1978). The capacity of dLGN to maintain activity via interactions between the thalamic reticular 545 

nucleus (TRN) and cortex via hyperpolarization-activated currents and bursting is a potential 546 

contributor to the development of continuity, as many of the anatomical and cellular components 547 

are developing during the second and third postnatal weeks. (Bickford et al., 2010; Dilger et al., 548 

2011; Lo et al., 2002). 549 

Perhaps more likely to be a thalamic effect, is the development of movement-associated 550 

increases in firing at P13. Surprisingly, we find that activity in thalamus is required for positive 551 

modulation by movement in VC after P13. Recent studies show that VC firing is increased during 552 
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running, while similar spike-rate modulation in dLGN has received mixed evidence (Erisken et 553 

al., 2014; Niell and Stryker, 2010; Roth et al., 2016; Williamson et al., 2015). We found increases 554 

in dLGN firing during movement larger than previously identified on a running wheel. This may 555 

be due to species (rat vs mouse), behavioral protocol (tube restrained vs. running), or visual 556 

stimulus (low-light vs defined visual stimulus (Dipoppa et al., 2018)). We note that the amplitude 557 

of the movement effect at the single-unit level is decreasing with age and thus may be more 558 

similar to others’ results after P60. More surprising, we show that in the absence of dLGN, VC 559 

firing is suppressed, as in neonates. This is reminiscent of the barrel cortex, where whisking 560 

causes suppression of cortical activation when thalamus is silenced (Poulet et al., 2012) (but see 561 

(Constantinople and Bruno, 2011)). Our results are not consist with a simple model of cortical 562 

disinhibition causing movement-associated firing (Fu et al., 2014), but rather a more complex, 563 

and stimulus-dependent (Dipoppa et al., 2018; Pakan et al., 2016) rebalancing of recurrent and 564 

thalamic inputs within the cortical network. 565 

Early bursting and visual responses 566 

Interestingly, thalamic bursting is not a critical component of the initial development of 567 

cortical state modulation, or the down-regulation of visual responses. The various low 568 

frequencies produced during the various states of quiescence, arise through a complicated 569 

interaction between thalamic and cortical oscillators (Crunelli et al., 2015), with relay neuron 570 

bursting working to entrain cortical slow-waves (David et al., 2013). The cortical behavior most 571 

correlated to the emergence of thalamic bursting in our data was a shift in the peak frequency 572 
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during quiescence from 3Hz to 6Hz. Our data is consistent with a model of development in which 573 

at P13 the acquisition of continuous activity in dLGN drives continuous activity in VC; the 574 

density of this activity is low during quiescence resulting in slow-wave generated largely in 575 

cortex dominating the LFP, while during movement dLGN activity is denser resulting in a 576 

continuous up-state (Colonnese, 2014). By P16 busting allows synchronization with thalamus, 577 

increasing the frequency of ‘slow’ activity in VC. 578 

The changes in visual response properties may revolve around the development of 579 

thalamic inhibition and its regulation of calcium dynamics in relay neurons. Plateau potentials 580 

could contribute to generation of light-evoked spindle-burst oscillations in dLGN during the early 581 

period. In slices the developmental loss of plateau potentials in response to optic nerve 582 

stimulation is driven by maturation of inhibition (Dilger et al., 2011). Potential sources of 583 

inhibition in dLGN in vivo include both thalamic reticular nucleus and local dLGN interneurons 584 

(Arcelli et al., 1997; Hirsch et al., 2015). Recent studies show that arousal modulates TRN 585 

activity (Halassa et al., 2014) and visual attention controls dLGN activity vis TRN (Wimmer et 586 

al., 2015), suggesting various roles of thalamic inhibitory system in adults and possibly also in 587 

early development. We recently showed that functional inhibition of the dLGN by VC, 588 

presumably through TRN, develops on P13 (Murata and Colonnese, 2016), suggesting that it is 589 

likely to contribute to the shortening of visual responses and suppression of plateau potentials. 590 

Inhibition is critical to stabilize network activity, allowing for continuous asynchronous 591 

activation observed beginning around P13 in our animals. Therefore, we suggest that inhibitory 592 
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development, which is also observed in VC beginning at P13 (Colonnese, 2014), is an important 593 

contributor to the development of continuity and adult-like movement-associations observed 594 

here. 595 

  596 



 

page 33   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

 597 

Reference 598 

Ackman, J.B., and Crair, M.C. (2014). Role of emergent neural activity in visual map 599 
development. Current Opinion in Neurobiology 24, 166–175. 600 

Ackman, J.B., Burbridge, T.J., and Crair, M.C. (2012). Retinal waves coordinate patterned 601 
activity throughout the developing visual system. Nature 490, 219–225. 602 

An, S., Kilb, W., and Luhmann, H.J. (2014). Sensory-evoked and spontaneous gamma and 603 
spindle bursts in neonatal rat motor cortex. J. Neurosci. 34, 10870–10883. 604 

André, M., Lamblin, M.-D., d’Allest, A.M., Curzi-Dascalova, L., Moussalli-Salefranque, 605 
F., Nguyen The Tich, S., Vecchierini-Blineau, M.-F., Wallois, F., Walls-Esquivel, E., and Plouin, P. 606 
(2010). Electroencephalography in premature and full-term infants. Developmental features and 607 
glossary. Neurophysiologie Clinique/Clinical Neurophysiology 40, 59–124. 608 

Arcelli, P., Frassoni, C., Regondi, M.C., Biasi, S.D., and Spreafico, R. (1997). 609 
GABAergic Neurons in Mammalian Thalamus: A Marker of Thalamic Complexity? Brain 610 
Research Bulletin 42, 27–37. 611 

Ayaz, A., Saleem, A.B., Schölvinck, M.L., and Carandini, M. (2013). Locomotion 612 
Controls Spatial Integration in Mouse Visual Cortex. Current Biology 23, 890–894. 613 

Benders, M.J., Palmu, K., Menache, C., Borradori-Tolsa, C., Lazeyras, F., Sizonenko, S., 614 
Dubois, J., Vanhatalo, S., and Hüppi, P.S. (2015). Early Brain Activity Relates to Subsequent 615 
Brain Growth in Premature Infants. Cereb Cortex 25, 3014–3024. 616 

Bennett, C., Arroyo, S., and Hestrin, S. (2013). Subthreshold Mechanisms Underlying 617 
State-Dependent Modulation of Visual Responses. Neuron 80, 350–357. 618 

Berzhanskaya, J., Phillips, M.A., Gorin, A., Lai, C., Shen, J., and Colonnese, M.T. (2017). 619 
Disrupted Cortical State Regulation in a Rat Model of Fragile X Syndrome. Cereb Cortex 27, 620 
1386–1400. 621 

Bickford, M.E., Slusarczyk, A., Dilger, E.K., Krahe, T.E., Kucuk, C., and Guido, W. 622 
(2010). Synaptic development of the mouse dorsal lateral geniculate nucleus. J. Comp. Neurol. 623 
518, 622–635. 624 



 

page 34   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

Blumberg, M.S., Gall, A.J., and Todd, W.D. (2014). The development of sleep-wake 625 
rhythms and the search for elemental circuits in the infant brain. Behav. Neurosci. 128, 250–263. 626 

Brooks, J.M., Su, J., Levy, C., Wang, J.S., Seabrook, T.A., Guido, W., and Fox, M.A. 627 
(2013). A Molecular Mechanism Regulating the Timing of Corticogeniculate Innervation. Cell 628 
Reports 5, 573–581. 629 

Chen, G., Rasch, M.J., Wang, R., and Zhang, X. (2015). Experience-dependent emergence 630 
of beta and gamma band oscillations in the primary visual cortex during the critical period. 631 
Scientific Reports 5, 17847. 632 

Cohen, M.X. (2014). Analyzing Neural Time Series Data (MIT Press). 633 

Colonnese, M.T. (2014). Rapid Developmental Emergence of Stable Depolarization 634 
during Wakefulness by Inhibitory Balancing of Cortical Network Excitability. J. Neurosci. 34, 635 
5477–5485. 636 

Colonnese, M., and Khazipov, R. (2012). Spontaneous activity in developing sensory 637 
circuits: Implications for resting state fMRI. NeuroImage 62, 2212–2221. 638 

Colonnese, M.T., and Khazipov, R. (2010). “Slow Activity Transients” in Infant Rat 639 
Visual Cortex:A Spreading Synchronous Oscillation Patterned by Retinal Waves. J. Neurosci. 30, 640 
4325–4337. 641 

Colonnese, M.T., and Phillips, M.A. (2018). Thalamocortical function in developing 642 
sensory circuits. Current Opinion in Neurobiology 52, 72–79. 643 

Colonnese, M.T., Kaminska, A., Minlebaev, M., Milh, M., Bloem, B., Lescure, S., 644 
Moriette, G., Chiron, C., Ben-Ari, Y., and Khazipov, R. (2010). A Conserved Switch in Sensory 645 
Processing Prepares Developing Neocortex for Vision. Neuron 67, 480–498. 646 

Colonnese, M.T., Shen, J., and Murata, Y. (2017). Uncorrelated Neural Firing in Mouse 647 
Visual Cortex during Spontaneous Retinal Waves. Front. Cell. Neurosci. 11. 648 

Crunelli, V., David, F., Lőrincz, M.L., and Hughes, S.W. (2015). The thalamocortical 649 
network as a single slow wave-generating unit. Current Opinion in Neurobiology 31, 72–80. 650 

David, F., Schmiedt, J.T., Taylor, H.L., Orban, G., Giovanni, G.D., Uebele, V.N., Renger, 651 
J.J., Lambert, R.C., Leresche, N., and Crunelli, V. (2013). Essential Thalamic Contribution to 652 



 

page 35   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

Slow Waves of Natural Sleep. J. Neurosci. 33, 19599–19610. 653 

Demas, J., Eglen, S.J., and Wong, R.O.L. (2003). Developmental Loss of Synchronous 654 
Spontaneous Activity in the Mouse Retina Is Independent of Visual Experience. J. Neurosci. 23, 655 
2851–2860. 656 

Dereymaeker, A., Pillay, K., Vervisch, J., De Vos, M., Van Huffel, S., Jansen, K., and 657 
Naulaers, G. (2017). Review of sleep-EEG in preterm and term neonates. Early Hum. Dev. 113, 658 
87–103. 659 

Dilger, E.K., Shin, H.-S., and Guido, W. (2011). Requirements for synaptically evoked 660 
plateau potentials in relay cells of the dorsal lateral geniculate nucleus of the mouse. The Journal 661 
of Physiology 589, 919–937. 662 

Dipoppa, M., Ranson, A., Krumin, M., Pachitariu, M., Carandini, M., and Harris, K.D. 663 
(2018). Vision and Locomotion Shape the Interactions between Neuron Types in Mouse Visual 664 
Cortex. Neuron 98, 602-615.e8. 665 

Erisken, S., Vaiceliunaite, A., Jurjut, O., Fiorini, M., Katzner, S., and Busse, L. (2014). 666 
Effects of Locomotion Extend throughout the Mouse Early Visual System. Current Biology 24, 667 
2899–2907. 668 

Eysel, U.T., and Grüsser, O.-J. (1978). Increased transneuronal excitation of the cat lateral 669 
geniculate nucleus after acute deafferentation. Brain Research 158, 107–128. 670 

Fiser, J., Chiu, C., and Weliky, M. (2004). Small modulation of ongoing cortical dynamics 671 
by sensory input during natural vision. Nature 431, 573–578. 672 

Fox, M.D., and Raichle, M.E. (2007). Spontaneous fluctuations in brain activity observed 673 
with functional magnetic resonance imaging. Nature Reviews Neuroscience 8, nrn2201. 674 

Fu, Y., Tucciarone, J.M., Espinosa, J.S., Sheng, N., Darcy, D.P., Nicoll, R.A., Huang, Z.J., 675 
and Stryker, M.P. (2014). A Cortical Circuit for Gain Control by Behavioral State. Cell 156, 676 
1139–1152. 677 

Gramsbergen, A. (1976). The development of the EEG in the rat. Dev Psychobiol 9, 501–678 
515. 679 

Grant, E.L., Hoerder-Suabedissen, A., and Molnar, Z. (2012). Development of the 680 



 

page 36   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

corticothalamic projections. Front. Neurosci. 6, 53. 681 

Halassa, M.M., Chen, Z., Wimmer, R.D., Brunetti, P.M., Zhao, S., Zikopoulos, B., Wang, 682 
F., Brown, E.N., and Wilson, M.A. (2014). State-Dependent Architecture of Thalamic Reticular 683 
Subnetworks. Cell 158, 808–821. 684 

Hanganu, I.L., Ben-Ari, Y., and Khazipov, R. (2006). Retinal Waves Trigger Spindle 685 
Bursts in the Neonatal Rat Visual Cortex. J. Neurosci. 26, 6728–6736. 686 

Harris, K.D., and Thiele, A. (2011). Cortical state and attention. Nature Reviews 687 
Neuroscience 12, 509–523. 688 

Hartung, H., Cichon, N., De Feo, V., Riemann, S., Schildt, S., Lindemann, C., Mulert, C., 689 
Gogos, J.A., and Hanganu-Opatz, I.L. (2016). From Shortage to Surge: A Developmental Switch 690 
in Hippocampal–Prefrontal Coupling in a Gene–Environment Model of Neuropsychiatric 691 
Disorders. Cereb Cortex 26, 4265–4281. 692 

Hirsch, J.A., Wang, X., Sommer, F.T., and Martinez, L.M. (2015). How Inhibitory 693 
Circuits in the Thalamus Serve Vision. Annual Review of Neuroscience 38, 309–329. 694 

Holmes, G.L., and Lombroso, C.T. (1993). Prognostic value of background patterns in the 695 
neonatal EEG. J Clin Neurophysiol 10, 323–352. 696 

Hong, Y.K., and Chen, C. (2011). Wiring and rewiring of the retinogeniculate synapse. 697 
Current Opinion in Neurobiology 21, 228–237. 698 

Hoy, J.L., and Niell, C.M. (2015). Layer-Specific Refinement of Visual Cortex Function 699 
after Eye Opening in the Awake Mouse. J. Neurosci. 35, 3370–3383. 700 

Huberman, A.D., Feller, M.B., and Chapman, B. (2008). Mechanisms Underlying 701 
Development of Visual Maps and Receptive Fields. Annual Review of Neuroscience 31, 479–702 
509. 703 

Iyer, K.K., Roberts, J.A., Metsäranta, M., Finnigan, S., Breakspear, M., and Vanhatalo, S. 704 
(2014). Novel features of early burst suppression predict outcome after birth asphyxia. Ann Clin 705 
Transl Neurol 1, 209–214. 706 

Jouvet-Mounier, D., Astic, L., and Lacote, D. (1970). Ontogenesis of the states of sleep in 707 
rat, cat, and guinea pig during the first postnatal month. Developmental Psychobiology 2, 216–708 



 

page 37   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

239. 709 

Karlsson, K.Æ., and Blumberg, M.S. (2003). Hippocampal Theta in the Newborn Rat Is 710 
Revealed under Conditions That Promote REM Sleep. J. Neurosci. 23, 1114–1118. 711 

Karlsson, K.Æ., and Blumberg, M.S. (2005). Active medullary control of atonia in 712 
week-old rats. Neuroscience 130, 275–283. 713 

Khazipov, R., and Luhmann, H.J. (2006). Early patterns of electrical activity in the 714 
developing cerebral cortex of humans and rodents. Trends in Neurosciences 29, 414–418. 715 

Khazipov, R., Colonnese, M., and Minlebaev, M. (2013). Chapter 8 - Neonatal Cortical 716 
Rhythms. In Neural Circuit Development and Function in the Brain, J.L.R. Rubenstein, and P. 717 
Rakic, eds. (Oxford: Academic Press), pp. 131–153. 718 

Khazipov, R., Zaynutdinova, D., Ogievetsky, E., Valeeva, G., Mitrukhina, O., Manent, 719 
J.-B., and Represa, A. (2015). Atlas of the Postnatal Rat Brain in Stereotaxic Coordinates. Front. 720 
Neuroanat. 9. 721 

Lee, A.M., Hoy, J.L., Bonci, A., Wilbrecht, L., Stryker, M.P., and Niell, C.M. (2014). 722 
Identification of a Brainstem Circuit Regulating Visual Cortical State in Parallel with Locomotion. 723 
Neuron 83, 455–466. 724 

Leighton, A.H., and Lohmann, C. (2016). The Wiring of Developing Sensory 725 
Circuits—From Patterned Spontaneous Activity to Synaptic Plasticity Mechanisms. Front. Neural 726 
Circuits 10. 727 

Lemieux, M., Chen, J.-Y., Lonjers, P., Bazhenov, M., and Timofeev, I. (2014). The Impact 728 
of Cortical Deafferentation on the Neocortical Slow Oscillation. J. Neurosci. 34, 5689–5703. 729 

Li, Y., Yu, C., Zhou, Z.C., Stitt, I., Sellers, K.K., Gilmore, J.H., and Frohlich, F. (2017). 730 
Early Development of Network Oscillations in the Ferret Visual Cortex. Scientific Reports 7, 731 
17766. 732 

Llinás, R.R., and Steriade, M. (2006). Bursting of Thalamic Neurons and States of 733 
Vigilance. Journal of Neurophysiology 95, 3297–3308. 734 

Lo, F.-S., Ziburkus, J., and Guido, W. (2002). Synaptic Mechanisms Regulating the 735 
Activation of a Ca2+-Mediated Plateau Potential in Developing Relay Cells of the LGN. Journal 736 



 

page 38   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

of Neurophysiology 87, 1175–1185. 737 

Luhmann, H.J., and Khazipov, R. (2018). Neuronal Activity Patterns in the Developing 738 
Barrel Cortex. Neuroscience 368, 256–267. 739 

Marcano-Reik, A.J., and Blumberg, M.S. (2008). The corpus callosum modulates 740 
spindle-burst activity within homotopic regions of somatosensory cortex in newborn rats. 741 
European Journal of Neuroscience 28, 1457–1466. 742 

McCormick, D.A., McGinley, M.J., and Salkoff, D.B. (2015). Brain state dependent 743 
activity in the cortex and thalamus. Current Opinion in Neurobiology 31, 133–140. 744 

McQuillen, P.S., and Ferriero, D.M. (2004). Selective vulnerability in the developing 745 
central nervous system. Pediatric Neurology 30, 227–235. 746 

Miller, S.P., Ramaswamy, V., Michelson, D., Barkovich, A.J., Holshouser, B., Wycliffe, N., 747 
Glidden, D.V., Deming, D., Partridge, J.C., Wu, Y.W., et al. (2005). Patterns of brain injury in 748 
term neonatal encephalopathy. The Journal of Pediatrics 146, 453–460. 749 

Mitra, P., and Bokil (2007). Observed Brain Dynamics (Oxford, New York: Oxford 750 
University Press). 751 

Mukherjee, D., Yonk, A.J., Sokoloff, G., and Blumberg, M.S. (2017). Wakefulness 752 
suppresses retinal wave-related neural activity in visual cortex. Journal of Neurophysiology 118, 753 
1190–1197. 754 

Murata, Y., and Colonnese, M.T. (2016). An excitatory cortical feedback loop gates retinal 755 
wave transmission in rodent thalamus. ELife Sciences 5, e18816. 756 

Niell, C.M., and Stryker, M.P. (2010). Modulation of visual responses by behavioral state 757 
in mouse visual cortex. Neuron 65, 472–479. 758 

Pakan, J.M., Lowe, S.C., Dylda, E., Keemink, S.W., Currie, S.P., Coutts, C.A., and 759 
Rochefort, N.L. (2016). Behavioral-state modulation of inhibition is context-dependent and cell 760 
type specific in mouse visual cortex. ELife Sciences 5, e14985. 761 

Polack, P.-O., Friedman, J., and Golshani, P. (2013). Cellular mechanisms of brain 762 
state-dependent gain modulation in visual cortex. Nat Neurosci 16, 1331–1339. 763 

Poulet, J.F.A., Fernandez, L.M.J., Crochet, S., and Petersen, C.C.H. (2012). Thalamic 764 



 

page 39   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

control of cortical states. Nat Neurosci 15, 370–372. 765 

Ranasinghe, S., Or, G., Wang, E.Y., Ievins, A., McLean, M.A., Niell, C.M., Chau, V., 766 
Wong, P.K.H., Glass, H.C., Sullivan, J., et al. (2015). Reduced Cortical Activity Impairs 767 
Development and Plasticity after Neonatal Hypoxia Ischemia. J. Neurosci. 35, 11946–11959. 768 

Reinhold, K., Lien, A.D., and Scanziani, M. (2015). Distinct recurrent versus afferent 769 
dynamics in cortical visual processing. Nature Neuroscience 18, 1789–1797. 770 

Rio-Bermudez, C.D., Sokoloff, G., and Blumberg, M.S. (2015). Sensorimotor Processing 771 
in the Newborn Rat Red Nucleus during Active Sleep. J. Neurosci. 35, 8322–8332. 772 

Rooij, L.G.M. van, Toet, M.C., Osredkar, D., Huffelen, A.C. van, Groenendaal, F., and 773 
Vries, L.S. de (2005). Recovery of amplitude integrated electroencephalographic background 774 
patterns within 24 hours of perinatal asphyxia. Archives of Disease in Childhood - Fetal and 775 
Neonatal Edition 90, F245-FF251. 776 

Rossant, C., Kadir, S.N., Goodman, D.F.M., Schulman, J., Hunter, M.L.D., Saleem, A.B., 777 
Grosmark, A., Belluscio, M., Denfield, G.H., Ecker, A.S., et al. (2016). Spike sorting for large, 778 
dense electrode arrays. Nat Neurosci 19, 634–641. 779 

Roth, M.M., Dahmen, J.C., Muir, D.R., Imhof, F., Martini, F.J., and Hofer, S.B. (2016). 780 
Thalamic nuclei convey diverse contextual information to layer 1 of visual cortex. Nat Neurosci 781 
19, 299–307. 782 

Rutherford, M., Malamateniou, C., McGuinness, A., Allsop, J., Biarge, M.M., and 783 
Counsell, S. (2010). Magnetic resonance imaging in hypoxic-ischaemic encephalopathy. Early 784 
Human Development 86, 351–360. 785 

Sakata, S., and Harris, K.D. (2009). Laminar Structure of Spontaneous and 786 
Sensory-Evoked Population Activity in Auditory Cortex. Neuron 64, 404–418. 787 

Scher, M.S. (2008). Ontogeny of EEG-sleep from neonatal through infancy periods. Sleep 788 
Medicine 9, 615–636. 789 

Seabrook, T.A., El-Danaf, R.N., Krahe, T.E., Fox, M.A., and Guido, W. (2013). Retinal 790 
Input Regulates the Timing of Corticogeniculate Innervation. J. Neurosci. 33, 10085–10097. 791 

Seelke, A.M.H., and Blumberg, M.S. (2008). The microstructure of active and quiet sleep 792 



 

page 40   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

as cortical delta activity emerges in infant rats. Sleep 31, 691–699. 793 

Seelke, A.M.H., and Blumberg, M.S. (2010). Developmental appearance and 794 
disappearance of cortical events and oscillations in infant rats. Brain Res. 1324, 34–42. 795 

Sherman, S.M., and Guilery, R.W. (2013). Functional Connections of Cortical Areas. 796 

Smith, G.B., Sederberg, A., Elyada, Y.M., Hooser, S.D.V., Kaschube, M., and Fitzpatrick, 797 
D. (2015). The development of cortical circuits for motion discrimination. Nature Neuroscience 798 
18, 252–261. 799 

Steriade, M.M., and McCarley, R.W. (2005). Brain Control of Wakefulness and Sleep 800 
(Springer Science & Business Media). 801 

Usrey, W.M., and Alitto, H.J. (2015). Visual Functions of the Thalamus. Annual Review 802 
of Vision Science 1, 351–371. 803 

Vanhatalo, S., and Kaila, K. (2006). Development of neonatal EEG activity: From 804 
phenomenology to physiology. Seminars in Fetal and Neonatal Medicine 11, 471–478. 805 

Vinck, M., Batista-Brito, R., Knoblich, U., and Cardin, J.A. (2015). Arousal and 806 
Locomotion Make Distinct Contributions to Cortical Activity Patterns and Visual Encoding. 807 
Neuron 86, 740–754. 808 

Weyand, T.G., Boudreaux, M., and Guido, W. (2001). Burst and Tonic Response Modes in 809 
Thalamic Neurons During Sleep and Wakefulness. Journal of Neurophysiology 85, 1107–1118. 810 

Whitehead, K., Pressler, R., and Fabrizi, L. (2017). Characteristics and clinical 811 
significance of delta brushes in the EEG of premature infants. Clinical Neurophysiology Practice 812 
2, 12–18. 813 

Williamson, R.S., Hancock, K.E., Shinn-Cunningham, B.G., and Polley, D.B. (2015). 814 
Locomotion and Task Demands Differentially Modulate Thalamic Audiovisual Processing during 815 
Active Search. Current Biology 25, 1885–1891. 816 

Wimmer, R.D., Schmitt, L.I., Davidson, T.J., Nakajima, M., Deisseroth, K., and Halassa, 817 
M.M. (2015). Thalamic control of sensory selection in divided attention. Nature 526, 705–709. 818 

Yang, J.-W., Reyes-Puerta, V., Kilb, W., and Luhmann, H.J. (2016). Spindle Bursts in 819 
Neonatal Rat Cerebral Cortex. 820 



 

page 41   Murata Y and Colonnese MT,         Thalamic control of cortical activity development 

 

Yüzgeç, Ö., Prsa, M., Zimmermann, R., and Huber, D. (2018). Pupil Size Coupling to 821 
Cortical States Protects the Stability of Deep Sleep via Parasympathetic Modulation. Current 822 
Biology 28, 392-400.e3. 823 

 824 

Figure Legends 825 

 826 

 827 

Figure 1. Simultaneous emergence of continuous spontaneous activity modulated during 828 

movement in dLGN and VC before the onset of vision. A, Representative spontaneous activity 829 

in dLGN and VC of a P10 rat. Simultaneous extracellular recordings were performed from the 830 

visual thalamus (dLGN) and the visual cortex (VC) in awake, head-fixed Long-Evans rats. 831 

Multiunit activity (MUA, >300Hz), spike rate of dLGN and VC layer 4, VC LFP (1-150Hz) and 832 

its spectrogram are shown. Periods of movements are detected by thorasic movement (‘piezo’) 833 

and neck muscle electromyogram (‘EMG’) and marked by light red shades. In both dLGN and 834 

VC, long-lasting silent period with very low spike activity are occasionally interrupted with 835 

oscillatory spindle-bursts activity, largely during periods of quiescence. Note dLGN and VC 836 

recordings are not aligned in topographic space; the offset in dLGN and VC bursts likely reflect 837 

the spread of a retinal wave across thalamocortex. B, Representative spontaneous activity in 838 

dLGN and VC of a P13 rat. Both thalamic and cortical spike activity become continuous. 839 

Spike-rates are higher during movement in dLGN and VC, where movement is further associated 840 

with increased beta and gamma band power in the LFP. Bars represent 5 seconds, 20 spikes/sec 841 
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and 50μV. 842 

 843 

 844 

 845 

Figure 2. Continuous activity, spike rate, and modulation during movement develops 846 

simultaneously in thalamus and cortex. A, Spike rate of VC (A1) and dLGN (A2) increases 847 

throughout development. Circles show multi-unit cortical layer 4 (A1) and dLGN (A2) 848 

spike-rates from each animal taken from all conditions (quiet and moving). Line and error bars 849 

depict mean±sem from the n=6 animals in each age group. Asterisk line shows result of post-hoc 850 

test following one-way ANOVA for age (p < 0.05). Only the shortest significance is shown for 851 

clarity (eg. P9-11 is also different from P16, P21 and P42 groups). B, Continuity of MUA in L4 852 

VC (B1) and dLGN (B2) increases throughout development, largely between P11 and P13. C, 853 

MUA L4 VC and dLGN firing-rates switch from negatively to positively correlated with 854 

movement between P11 and P13. Percent change of VC (C1) and dLGN (C2) spike-rate during 855 

movement relative to quiescence is shown at each age (asterisk marked arrows show significant 856 

difference from zero (p =0.031) by one sample Wilcoxon signed-rank test. D, Adult-like 857 

modulation of the VC LFP during movement emerges at P13. Population mean (n=6 each) VC 858 

LFP spectra during movement (blue, solid line) and quiescence (red, dashed line) are shown for 859 

each age group. Thin lines show SEM. Frequency ranges with significant increase during 860 

movement are marked by blue bars; during quiescence by red bars (permutation test, *p < 0.05). 861 
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E, Adult-like correlation between VC LFP power and dLGN firing-rate emerge after P13. 862 

Frequency ranges significantly different from zero are marked by black bars (permutation test, *p 863 

< 0.01). 864 

 865 

 866 

Figure 3. dLGN is required for continuous visual cortical activity modulated during 867 

movement after P13. A & B, Representative VC spontaneous activity before (A) and after 868 

thalamic silencing (B) at P13. VC MUA, spike rate, LFP, and its spectrogram are shown. 869 

Movement periods are marked by light red shades. Thalamus was silenced with local injection of 870 

1 mM Muscimol into dLGN after control recording. After thalamic silencing, VC spikes 871 

decreased and became discontinuous, and VC LFP lost beta-gamma band activity during 872 

movement. Bars represent 5 seconds, 10 spikes/sec, and 100μV. C & D. dLGN is the major 873 

contributor to VC spike activity throughout development. Percent changes of VC L4 MUA 874 

spike-rate (C) and continuity (D) after thalamic silencing at each age (n=6 each. Wilcoxon 875 

signed-rank test for difference from pre-silencing, *p = 0.031). E, Thalamic silencing causes 876 

suppression of VC spiking during movement. After thalamic silencing, VC spikes are negatively 877 

modulated during movement at all ages examined, a pattern usually observed only before P9-11 878 

in intact animals. Percent changes of dLGN spike-rate during movement relative to quiescence 879 

are shown for baseline (“Control”, black open circle) and following thalamic silencing 880 

(“Thalamus-“, orange filled circle) at each age. (n = 6 each. Wilcoxon signed-rank test for 881 
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difference (p=0.031) from zero (* on mean) and difference between Control and thalamus- (* on 882 

horizontal bar)). F & G, Thalamic silencing alters VC LFP frequency distribution and its 883 

modulation during movement. VC LFP spectra during movement (blue) and quiescence (red) 884 

before (F) and after thalamic silencing (G) are shown at each age. The augmentation of 885 

beta-gamma power during movement after P13 is eliminated by thalamic silencing, whereas 886 

increases in lower frequency power during quiescence remain (n=6 for each, horizontal line 887 

shows range of significant frequencies modulated during movement (permutation test, (* p < 888 

0.05)). 889 

 890 

 891 

 892 
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Figure 4. dLGN spike-rate modulation during movement is not significantly altered 893 

by VC silencing. A, VC silencing does not significantly alter dLGN MUA rate changes observed 894 

during movement at P9-11. VC was pharmacologically silenced by local application of the 895 

glutamate receptor antagonist APV and CNQX following baseline recording. At P9-11, dLGN 896 

spike-rate is decreased during movement, and this movement-associated change is not 897 

significantly altered by VC silencing. (n = 6 for each, Wilcoxon signed-rank test for difference 898 

from zero (asterisk on mean) or for Control vs VC silenced (horizontal bar), *p = 0.031, n.s.: not 899 

significant). B, At P13-14, dLGN spike rate is increased during movement, and this 900 

movement-associated change in activity is not significantly modified by VC silencing (n = 6). 901 

Figure 5: Development of thalamic single-unit behavior. A & B, Representative single-units 902 

(SU) isolated from multi-electrode array recordings in dLGN of awake rats at P10 (A) and P14 903 

(B). Waveforms and raster plot of representative eight single-units are shown at each age. C-F, 904 

Spike-sorting characteristics by developmental age. The number of identified single-units (C), 905 

percent of total spikes assigned to single-units (D), spike amplitude (E), and spike width (F) for 906 

each age. G, dLGN single-unit spike rate increases gradually during development. dLGN 907 

single-unit spike rate is shown as animal means (G1, n=6 each) and cumulative distribution for 908 

all units (G2, : n = 69,87,192,258,221,250 respectively). For G1 & G2 asterisk bars show shortest 909 

significant pairs identified by post-hoc test following ANOVA for effect of age (* p < 0.05). H, 910 

dLGN single-unit continuity increases during development. Statistics as for G. I, dLGN 911 

single-unit spike rates become positively modulated during movement after P13. Statistics as for 912 
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G, but for I1 asterisk denotes Wilcoxon signed-rank test for difference from zero (p = 0.031). 913 

 914 

Figure 6: Developmental emergence of bursting in dLGN in vivo. A & B, Distribution of 915 

interspike intervals for all dLGN single-units during movement (A) and quiescence (B) by age 916 

group. 1 ms interval bins. n = 69, 87, 192, 258, 221, 250 neurons from 6 animals in each group. 917 

Notably, interspike interval less than 4ms becomes prominent during quiescence after P16. C, 918 

Animal mean inter-spike intervals during movement and quiescence. Mean and SEM of n=6 919 

animals per group. Horizontal bars show significant decrease (red) and increase (blue) during 920 

movement (permutation test, *p < 0.01). D, Percent of spikes in bursts during movement (D1) 921 

and quiescence (D2) by age group. Frequent bursting occurs only during quiescence in dLGN and 922 

only after P16. (n = 6 for each, ANOVA, horizontal bar shows shortest significant difference, *p 923 

< 0.01). 924 

 925 

Figure 7: Thalamocortical visual response and transmission mature simultaneously to 926 

spontaneous activity. A & B, Representative visual response in simultaneously recorded VC and 927 

dLGN of awake rats at P10 (A) and P13 (B). LFP, MUA, and spectrogram of VC LFP and dLGN 928 

MUA are shown in response to 100 ms whole-field light flash onto the contralateral eye. At P10, 929 

both dLGN MUA and VC LFP generate initial early-gamma oscillation and subsequent 930 

spindle-burst oscillation (A). At P13, even though the eyelids are still closed at this age, both 931 

dLGN and VC show a faster and shorter visual spike response and no longer generate 932 
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long-lasting beta and gamma oscillation (B). C & D, Population mean post-stimulus spike rate 933 

histogram for P9-11, P13-14, P16-19, P21-26 and P42-60 in VC (C) and dLGN (D). Thin lines 934 

show SEM. E-I, Thalamocortical visual response and transmission largely improve between P11 935 

and P13 when spontaneous activity also matures. Population mean of on latency (E), off latency 936 

(F), duration (G), on latency between dLGN and VC (H), and off latency between dLGN and VC 937 

(I) for each age (n = 6 for each, ANOVA, horizontal bar shows shortest significant difference, *p 938 

< 0.05). 939 

 940 

















 

 1 

Table 1 
Figure   Metric P5-6 P9-11 P13-14 P16-19 P21-26 P42-60 ANOVA for age p-value 
Multi-unit 
2A1 VC Spikes per second 0.23±0.08 0.95±0.49 8.46±1.41 10.99±2.11 18.01±5.78 21.64±7.18 F(5,30) = 17.3 p = 10-7 
2A2 LGN Spikes per second 2.29±0.56 6.32±0.94 19.06±5.74 24.75±5.01 25.83±3.3 56.27±9.88 F(5,30) = 30.1 p = 10-10 
2B1 VC Continuity 0.02±0.01 0.03±0.02 0.57±0.07 0.7±0.07 0.82±0.06 0.9±0.03 F(5,30) = 28.2 p = 10-9 
2B2 LGN Continuity 0.14±0.03 0.25±0.03 0.8±0.06 0.95±0.02 0.96±0.01 1.0±0.0 F(5,30) = 149 p = 10-19 
2C1 VC Change during movement -26.3±5.6%* -50.3±8.5%* 35.4±11.9% 26.8±6.1%* 24.3±7.6%* 44.3±19.3%* F(5,30) = 12.2 p = 10-5 
2C2 LGN Change during movement -25.2±6.7%* -23.6±3.7%* 87.5±26.9%* 79.9±15.7%* 105.6±13.6%* 83.2±17.7%* F(5,30) = 13.8 p = 10-6 
3C VC Spike-rate change after LGN silencing -78.6±3%* -60.7±7.1%* -55.5±2.6%* -58.7±7.3%* -59.6±7.5%* F(4,25) = 2.39 p = 0.0775 
3D VC Continuity change after LGN silencing -94.2±1.2%* -86.1±3.2%* -75.5±6.2%* -69.1±3.6%* -58.7±10.6%* F(4,25) = 5.51 p = 0.0025 
3E VC Change during movement (before LGN silence) -35.8±9.3%* 11.5±6.2% 19.8±4%* 24.3±7.6%* 44.3±19.3%* F(4,25) = 7.74 p = 0.0003 

3E VC Change during movement (after LGN silence) -49.9±10.8%* -56.7±9.2%* 
-
47.9±10.4%* -37±11.1%* -36.1±6%* F(4,25) = 0.82 p = 0.5252 

7E VC On Latency (ms) 246.7±16.3 95.2±4.6 55.2±4.4 39.8±1.3 27.2±2.7 F(4,25) = 127.6 p = 10-15 
7E LGN On Latency (ms) 136.5±15.1 67.2±4.3 42±3.8 29.7±1.1 15.8±1 F(4,25) = 43.2 p = 10-10 
7F VC Off Latency (ms) 560.5±46.2 146.5±8.7 94.3±4.9 83.8±5.3 82.8±2.1 F(4,25) = 94.4 p = 10-13 
7F LGN Off Latency (ms) 683.2±39.6 157.5±10.1 115.7±12.1 89±7.1 85.5±2.8 F(4,25) = 176.5 p = 10-17 
7G VC Duration (ms) 313.8±44.3 51.3±7.6 39.2±6.2 44.1±5.1 55.7±4.2 F(4,25) = 33.8 p = 10-9 
7G LGN Duration (ms) 546.7±39.5 90.3±11.5 73.7±14.3 59.3±7.9 69.7±3.4 F(4,25) = 113.9 p = 10-14 
7H VC On delay (VC-LGN) (ms) 110.2±9.4 28±2.9 13.2±1.4 10.1±1.2 11.3±2.2 F(4,25) = 87.2 p = 10-13 
7I LGN Off delay (VC-LGN) (ms) 122.7±29 11±6.5 21.3±9.8 5.2±6.5 2.7±2.4 F(4,25) = 12.6 p = 10-5 
Single-unit                   
5C LGN # Single Units 11.5±2.7 14.5±2 32±4.6 43±2.9 36.8±3.5 41.7±3.3 F(5,30) = 17.6 p = 10-7 
5D LGN % spikes in SU clusters 54.7±12.3% 41.7±3.8% 61±2% 71.9±6% 69.4±4.3% 74.3±3.6% F(5,30) = 2.48 p = 0.054 
5E LGN Spike amplitude (μV) 65.8±4.5 82±10.4 95±3.5 114.6±5.7 91.6±10.3 130.6±6.1 F(5,30) = 10.0 p = 10-4 
5F LGN Spike width (ms) 0.74±0.02 0.73±0.02 0.76±0.01 0.72±0.02 0.57±0.02 0.51±0.01 F(5,30) = 37.82 p = 10-11 
5G1 LGN Spikes per second 0.49±0.04 0.9±0.13 1.35±0.09 1.43±0.12 2.13±0.19 3.18±0.2 F(5,30) = 46.1 p = 10-12 
5G2 LGN Spikes per second 0.51±0.04 0.92±0.07 1.33±0.08 1.44±0.08 2.12±0.12 3.18±0.2 F(5,1701) = 51.5 p = 10-47 
5H1 LGN Continuity 0.06±0.01 0.08±0.01 0.14±0.01 0.14±0.01 0.23±0.02 0.31±0.02 F(5,30) = 45.6 p = 10-12 
5H2 LGN Continuity 0.06±0.01 0.08±0.01 0.13±0.01 0.14±0.01 0.23±0.01 0.32±0.02 F(5,1701) = 52.39 p = 10-47 
5I1 LGN Change during movement -29.4±5.7%* -22.2±4.2%* 61.9±13.7%* 89.9±14.5%* 67.3±9.7%* 48.2±8.8%* F(5,30) = 24.0 p = 10-8 

5I2 LGN Change during movement 
-
28.2±12.2%* -22.9±6%* 63.6±4.2%* 86.6±3.4%* 64.6±3.7%* 50.8±4%* F(5,1701) = 50.74 p = 10-46 

6D1 LGN spikes in bursts (movement) 0.4%±0.1% 0.5%±0.3% 0.7%±0.1% 1%±0.1% 1.2%±0.2% 1.4%±0.2% F(5,30) = 4.48 p = 0.0036 
6D2 LGN spikes in bursts (quiescence) 0.6%±0.1% 0.8%±0.3% 1.3%±0.5% 8.9%±0.4% 8.1%±1.4% 9.2%±1.6% F(5,30) = 22.4 p = 10-8 
Spectral bands (Permutation test)                 
2D VC Frequencies decreased during movement (Hz) 7.5-8.9 8.2-22.9 2.1-6.3 1.7-11.5 2.7-17.7 1.4-17.1 

Frequencies increased during movement (Hz) 16.2-49.6 35.2-45.4 27.1-58.9 41.7-49.6 
2E VC Negative correlation with LGN spike-rate (Hz) 1.5-6.3 1.5-14.9 2.5-8.9 1.5-13.7 

Positive correlation with LGN spike-rate (Hz) 13.7-98.6 25.0-98.6 25.0-98.6 29.6.7-98.6 
3F VC Freq. decreased w/movement (Hz) (before silence) 8.9-22.9 1.7-8.9 3.8-13.7 2.7-17.7 1.5-14.9 

Freq. increased w/movement (Hz) (before silence) 16.2-41.8 32.3-45.5 27.1-49.6 41.8-49.6 
3G VC Freq. decreased w/movement (Hz) (after silence) 1.5-16.2 1.5-10.6 1.6-3.5 1.5-4.9 1.9-7.5 

Freq. increased w/movement (Hz) (after silence) 
6C LGN interspike interval decreased w/movement (ms) 1-4 1-3 1-3 

interspike interval increased w/movement (ms) 48-51 19-79 17-51 8-17 
* significantly different from 0. 

 


