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Thalamus Controls Development and Expression of Arousal
States in Visual Cortex
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Two major checkpoints of development in cerebral cortex are the acquisition of continuous spontaneous activity and the modulation of
this activity by behavioral state. Despite the critical importance of these functions, the circuit mechanisms of their development remain
unknown. Here we use the rodent visual system as a model to test the hypothesis that the locus of circuit change responsible for the
developmental acquisition of continuity and state dependence measured in sensory cortex is relay thalamus, rather than the local cortical
circuitry or the interconnectivity of the two structures. We conducted simultaneous recordings in the dorsal lateral geniculate nucleus
(dLGN) and primary visual cortex (VC) of awake, head-fixed male and female rats using linear multielectrode arrays throughout early
development. We find that activity in dLGN becomes continuous and positively correlated with movement (a measure of state depen-
dence) on P13, the same day as VC, and that these properties are not dependent on VC activity. By contrast, silencing dLGN after P13
causes activity in VC to become discontinuous and movement to suppress, rather than augment, cortical firing, effectively reversing
development. Thalamic bursting, a core characteristic of non-aroused states, emerged later, on P16, suggesting these processes are
developmentally independent. Together our results indicate that cellular or circuit changes in relay thalamus are critical drivers for the
maturation of background activity, which occurs around term in humans.

Key words: cortex; preterm; resting state; spontaneous activity; thalamus

Introduction
The mature cerebral cortex continuously generates activity spon-
taneously, even at rest (Fox and Raichle, 2007). In primary sen-
sory cortex, sensory input does not provide the major drive but
rather modulates ongoing network dynamics (Fiser et al., 2004;
Sakata and Harris, 2009). The function of this continuous back-
ground activity is an ongoing subject of study, but it is clearly

both a target as well as effector of arousal and attention (Harris
and Thiele, 2011; McCormick et al., 2015), including the gener-
ation of classically defined frequency bands observed by electro-
encephalography (EEG; Steriade and McCarley, 2005).

In contrast, the developing cortex exhibits long-lasting silent
periods with very low spike activity (Khazipov and Luhmann,
2006). These silent periods last for up to several tens of seconds
and are occasionally interrupted by oscillatory bursting activity
(Ackman et al., 2012; Khazipov et al., 2013; Yang et al., 2016;
Whitehead et al., 2017). In addition, early cortical activity is
poorly organized by the behavioral state of animals and fails to
show robust modulation by sleep and wakefulness (Gramsber-
gen, 1976; Scher, 2008; Seelke and Blumberg, 2008). Such discon-
tinuous and largely state-independent activity prevails in most
cortical areas during early development (Vanhatalo and Kaila,
2006), until the onset of sensory experience: near term in humans
and eye-opening in the visual system of rodents (André et al.,
2010; Colonnese and Phillips, 2018). This developmental transi-
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Significance Statement

The developing brain acquires two crucial features, continuous spontaneous activity and its modulation by arousal state, around
term in humans and before the onset of sensory experience in rodents. This developmental transition in cortical activity, as
measured by electroencephalogram (EEG), is an important milestone for normal brain development and indicates a good prog-
nosis for babies born preterm and/or suffering brain damage such as hypoxic-ischemic encephalopathy. By using the awake
rodent visual system as a model, we identify changes occurring at the level of relay thalamus, the major input to cortex, as the
critical driver of EEG maturation. These results could help understand the circuit basis of human EEG development to improve
diagnosis and treatment of infants in vulnerable situations.

8772 • The Journal of Neuroscience, October 10, 2018 • 38(41):8772– 8786



tion in cortical activity, as measured by EEG in human, is crucial
for healthy brain development. Its presence indicates a good
prognosis for babies born preterm and/or suffering severe brain
damage such as hypoxic-ischemic encephalopathy (Holmes and
Lombroso, 1993; van Rooij et al., 2005). Despite the scientific and
clinical importance, the circuits necessary for development of
continuous and state-dependent cortical activity remain to be
understood.

The visual thalamus, lateral geniculate nucleus (LGN), trans-
mits a majority of visual information from the retina to visual
cortex (VC; Sherman and Guilery, 2013). Rodent dorsal LGN
(dLGN) circuitry undergoes various developmental changes at
the anatomical and synaptic levels (Huberman et al., 2008; Bick-
ford et al., 2010; Hong and Chen, 2011; Grant et al., 2012; Brooks
et al., 2013; Seabrook et al., 2013), suggesting that the thalamus
could potentially impact cortical activity development. In adult
rodents, activity and visual processing in VC is modulated in
coordination with behavioral transitions from quiescence to
moving (Niell and Stryker, 2010; Ayaz et al., 2013; Bennett et al.,
2013; Polack et al., 2013; Fu et al., 2014; Lee et al., 2014; Vinck et
al., 2015), potentially serving a model of cortical state regulation
by behavioral engagement and arousal (Harris and Thiele, 2011).
Multiple studies show that dLGN is similarly modulated by
movement (Erisken et al., 2014; Usrey and Alitto, 2015; William-
son et al., 2015; but not Niell and Stryker, 2010), suggesting that
state-dependent modulation of VC activity could arise in part
from relay thalamus. However, it remains largely uncharacter-
ized how dLGN activity develops in vivo and to what extent dLGN
is necessary for maintaining and modulating mature VC activity
at various developmental stages.

Here we investigate whether and to what degree the develop-
ment of cortical activities described above are the result of circuit
maturation in the thalamus or thalamocortical relationships. We
address these questions in the visual system of awake, head-fixed
rats by simultaneous recordings of visual thalamus and cortex
using multielectrode arrays. We find that the visual thalamus
plays a critical role for the onset and maintenance of continuous
activity as well as for the emergence of adult-like modulation of
cortical activity associated with movement. Our results provide a
developmental time course of thalamocortical activity matura-
tion in vivo and demonstrate the important thalamic contribu-
tions to cortical activity development.

Materials and Methods
In vivo electrophysiology. All experiments were conducted with ap-
proval from The George Washington University Institutional Animal
Care and Use Committee, in accordance with the Guide for the Care
and Use of Laboratory Animals (NIH). Long–Evans female rats (RRID:
RGD_1302656) with litters at postnatal day (P)4 (birth � P0), or preg-
nant female rats at embryonic day 11–19, were acquired from Hilltop Lab
Animals (Scottdale, PA) and housed one litter per cage on a 12 h light/
dark cycle. Both male and female pups were used for experiments. Eyelid
opening occurred between P13 and P14. In vivo recording methods are as
previously described (Murata and Colonnese, 2016). Topical lidocaine
(2.5%) and systemic Carprofen (5 mg/kg) were used for preoperative
analgesia. To place the headplate, under isoflurane anesthesia (3% induc-
tion, 1–2% maintenance, verified by toe pinch), the scalp was resected,
the skull was cleaned, and a stainless plate with a hole was placed so that
the region over occipital cortex was accessible. The plate was fixed to the
skull with dental cement. Pups were monitored for signs of stress after
recovery from anesthesia. For recording, the animal was head-fixed, and
the body was supported within a padded enclosure. For unweaned ani-
mals younger than P19, body temperature was monitored with a ther-
mocouple placed under the abdomen and maintained at 34 –36°C by
heating pad placed under the body restraint. Body movement was de-

tected using a piezo-based detector placed under the enclosure. Electrical
activity of neck muscle was detected by electromyogram (EMG) from the
ventral neck. For VC recording, the skull above the monocular primary
visual cortex was thinned, and the monocular primary visual cortex was
targeted with the following coordinates: 0.5–1.2 mm anterior from the
lambda suture, and 2.5–3.0 (P5–P7), 2.8 –3.3 (P9 –P11), 3.0 –3.5 (P13–
P14), 3.3–3.8 (P16-P26), or 3.5– 4.0 (P42-P60) mm lateral from lambda.
Coordinates for dLGN were 2.0 –2.5 mm anterior and 3.0 –3.5 mm lateral
(P5–P7), 2.3–2.8 mm anterior and 3.3–3.8 mm lateral (P9 –P11), 2.5–3.0
mm anterior and 3.5– 4.0 mm lateral (P13–P14), or 3.0 –3.5 mm anterior
and 3.7– 4.2 mm lateral (P16 –P26), or 3.3–3.8 mm anterior and 3.8 – 4.3
mm lateral from the lambda (P42–P60). Extracellular activity was re-
corded using 32 channel single-shank, linear arrays (NeuroNexus). A
combination of linear “edge” arrays with 100, 50, or 20 �m separation or
“Poly2” design of two parallel rows with 50 �m separation were used.
Electrodes were coated with DiI (Life Technologies) before insertion for
histological verification of electrode location. For P5–P7 animals (before
visual responsiveness) recordings were tentatively judged to be in dLGN
or VC if they displayed prominent 1–5 s firing and elongated network
silence indicative of retinal waves at this age (Hanganu et al., 2006). In
animals older than P8, recording was initiated if flash-evoked (contralat-
eral eye) firing on presumptive dLGN electrodes preceded VC. Four
animals were not recorded for this reason. Postmortem reconstruction of
the electrode tract was used to verify placement within central dLGN and
monocular VC by reference to a developmental atlas (Khazipov et al.,
2015). Three P5–P7 animals were not analyzed because the electrode was
not located in the dLGN. An Ag/AgCl wire was placed over right frontal
cortex (�1 mm posterior and 3 mm lateral to bregma) as ground. Elec-
trical signals were digitized using the Neuralynx Digital Lynx S hardware
with Cheetah v5.6 software. dEEG signals were bandpass filtered between
0.1 Hz and 9 kHz, and digitized at 32 kHz. Cortical recordings were
referenced to a contact site located in the underlying white matter. dLGN
recordings were referenced to a contact just dorsal to dLGN. Multiunit
activity (MUA) was extracted by threshold crossing of �50 �V following
300 Hz to 9 kHz bandpass. Visual stimuli were provided by a 100 ms
whole-field flash (100 lux) every 30 s to the contralateral eye on a back-
ground of low light (�1 lux).

For thalamic silencing, the dLGN electrode was removed after control
recording, and 200 –500 nl of 1 mM muscimol and 1% Chicago Sky Blue
in saline (Poulet et al., 2012) was injected using a Nanoject II (Drum-
mond) at the same stereotaxic coordinates used for the dLGN recording.
Recording began 10 min after injection. The injection site was confirmed
postmortem to be located in dLGN and to not have invaded cortex. For
VC silencing, after baseline recording, 2–3 �l of APV (5 mM)/CNQX (2
mM) in saline was applied to the burr hole used for VC recording, and
recording restarted after 10 min. VC silencing was confirmed by verifying
the complete secession of firing in all layers of VC. Because dLGN and VC
recordings were not aligned, we cannot be certain that the aligned por-
tion of VC was completely inhibited by the treatment. However, the drug
eliminated activity at all depths (�1.2 mm) of VC before P14. Assuming
a similar horizontal spread (2 mm diameter), inhibition will, at a mini-
mum, affect all of monocular VC. Thus it is likely that activity is severely
reduced throughout the relevant regions of VC. For postmortem analy-
sis, animals were perfused with 4% paraformaldehyde in PBS, the brains
sectioned by vibratome, and mounted with Fluoromount-G (Electron
Microscopy Sciences). Images were acquired using a Zeiss DM6000 B
microscope with a 10� objective.

Analysis. Neural signals were imported into MATLAB (RRID:
SCR_001622). Spike-times and dEEG were downsampled to 1 kHz. Be-
fore analysis, six animals were eliminated for unstable baseline LFPs
(periods of spontaneous fluctuation larger than the maximum amplitude
of visual response) or spike activity (�20% change in total multiunit
firing rate between the start and end of recording). The open-source
Klustasuite was used for spike isolation, clustering, and manual curation
(Rossant et al., 2016). A spike isolation “strong” threshold of 6 SD and
“weak” threshold of 3 SD were used to minimize low-amplitude, unclus-
terable spikes (Colonnese et al., 2017). Initial clustering was evaluated for
merging or splitting of clusters based on visual waveform analysis and
similarity. After eliminating clusters composed of noise, clusters with
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poor reduction of the autocorrelation near 0 ms and/or clear superposi-
tion of two or more distinct waveforms were marked as multiunit clus-
ters. The remaining, potentially single-unit, clusters were evaluated for
inclusion as good single-units if the interspike interval refractory viola-
tions (�1 ms) accounted for �0.1% of spikes. All clusters were assigned
a primary contact localization by determining the location of the maxi-
mum amplitude in the mean waveform.

Cortical L4 was identified in each recording as the channel with the
earliest negative deflection and the fastest spike response in the mean
visual evoked response as previously described (Berzhanskaya et al.,
2017). For dLGN, visual-responsive regions were identified by 100 ms
flashes to the contralateral eye. The dLGN channel with the earliest spike
response to contralateral visual stimuli was used for detailed analysis of
multiunit spike rates, continuity, and modulation. For P5–P7, because of
the lack of visual response at this age, cortical L4 was identified as the
channel with the largest spike response during spontaneous spindle-
bursts; likewise, the recording site in dLGN with the strongest spike
activity during spindle-bursts was used for detailed analysis.

For all analyses, activity for each animal was calculated from the en-
tirety of a continuous 20 min baseline control period and from a 20 min
period following manipulation. For spectral analysis in VC, LFP spectra
were obtained over a fixed window (2 s for spontaneous and 0.3 s for
visually evoked response) by the multitaper method using the freely
available Chronux package (Mitra and Bokil, 2007) with taper parame-
ters [3, 5]. Movement periods were defined by the presence of EMG or
piezo signal with a root mean square signal �2 SD above baseline for
�300 ms. This duration was chosen by observation to separate sponta-
neous twitching during sleep from volitional motion. Quiet periods be-
tween moment lasting �500 ms were considered as part of the
movement period. For spectral analysis, if motion lasted �2 s (but longer

than the minimum) a 2 s window centered on the movement was ana-
lyzed. A minimum of 10 s without movement was required to define a
quiescent period. To avoid residual and anticipatory arousal effects
(Vinck et al., 2015), spiking and spectral analysis was taken beginning 3 s
from the end of the last moving period and ending 1 s from the beginning
of next. Animal mean spectra were calculated by averaging spectral win-
dows in each “state”. To reduce the effect of the 1/f relationship, mean
multitaper spectra were multiplied by frequency. For dLGN, animal
mean MUA spectra were obtained by calculating the Fourier transform
of the autocorrelation of MUA. Time-series spectra for dLGN MUA
(Figs. 1, 3, and 7) were calculated by filtering the MUA time series with a
Gaussian window (5 ms �) and applying the multitaper method as above.
For both signals, the frequency axis was resampled on a log scale to
equalize the representation of high and low frequencies and reduce the
multiple-comparisons problem. For normalization, frequency power at
each band was divided by the mean power. Spike continuity is the inverse
of the proportion of time occupied by interspike intervals �500 ms in
MUA. Movement modulation was calculated as (FRmov � FRquies)/
FRquies. For visual responses, onset time was calculated as the median of
the first spike following stimulus for all trials, offset time was the time
when mean firing rate fell �20% of the peak firing rate. Duration was the
time between onset and offset.

Experimental design and statistical analysis. Both male and female of
Long–Evans rats were used. No formal sorting or randomization of sub-
jects was applied, and experiments and analysis were not blind to age or
treatment. The number of animals included in the experiments is in-
cluded in the figure legends.

Mean � SEM and each data point are reported. Hypothesis tests were
conducted using nonparametric methods when n � 10. Wilcoxon signed
rank test was used for pairwise comparison. One-way ANOVA was used

Figure 1. Simultaneous emergence of continuous spontaneous activity modulated during movement in dLGN and VC before the onset of vision. A, Representative spontaneous activity in dLGN
and VC of a P10 rat. Simultaneous extracellular recordings were performed from the visual thalamus (dLGN) and the VC in awake, head-fixed Long–Evans rats. MUA (�300 Hz), spike rate of dLGN
and VC layer 4, VC LFP (1–150 Hz) and its spectrogram are shown. Periods of movements are detected by thoracic movement (piezo) and neck muscle (EMG) and marked by light red shades. In both
dLGN and VC, long-lasting silent periods with very low spike activity are occasionally interrupted with oscillatory spindle-burst activity, largely during periods of quiescence. Note dLGN and VC
recordings are not aligned in topographic space; the offset in dLGN and VC bursts likely reflect the spread of a retinal wave across thalamocortex. B, Representative spontaneous activity in dLGN and
VC of a P13 rat. Both thalamic and cortical spike activities become continuous. Spike rates are higher during movement in dLGN and VC, where movement is further associated with increased beta
and gamma band power in the LFP. Bars represent 5 s, 20 spikes/s and 50 �V.
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for all tests of age dependence, and post hoc test (Tukey HSD) used to
examine differences between specific age groups. Descriptive statistics
and results of the ANOVA are reported in Table 1. Significant differences
by post hoc test ( p � 0.05) are reported as asterisks on the relevant figure.
P values �0.001 are rounded to nearest power of 10. Spectra were exam-
ined at each frequency for significant difference using nonparametric
permutation tests corrected for multiple comparisons by the method of
Cohen (Cohen, 2014) with p � 0.01. The exact frequency or interval
ranges detected are reported in Table 1, and referenced as needed for
clarity in the Results. All tests were performed in MATLAB. The number

of animals is reported in the figures (it is 6/group unless otherwise
noted).

Results
We conducted extracellular recording simultaneously from the
visual thalamus, dLGN, and from the monocular primary VC of
awake, head-fixed Long–Evans rats from P5 to P60 (Fig. 1). We
used multielectrode linear-array to record from multiple sites of
different depth. All recordings were performed in unanesthetized

Table 1. Summary data for spike and spectral results

Figure Metric P5-P6 P9-P11 P13-P14 P16-P19 P21-P26 P42-P60 ANOVA for age p value

Multiunit
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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �10 �5

Single unit
5C LGN No. of 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 �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 �0.054
5E LGN Spike amplitude, �V 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 �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 �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 �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 �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 �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 �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 �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 �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 �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 �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 29.60.7–98.6

3F VC Frequency 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

Frequency increased w/movement,
Hz (before silence)

16.2– 41.8 32.3– 45.5 27.1– 49.6 41.8 – 49.6

3G VC Frequency 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

Frequency 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.
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head-fixed animals because even very light anesthesia eliminates
most spikes and oscillations during early development (Colon-
nese and Khazipov, 2010; Ackman et al., 2012). Body movement
was detected using a piezo-based detector placed under the en-
closure, while the nuchal EMG was recorded from the ventral
neck. Spontaneous alternation between movement and quies-
cence has emerged as a robust method to measure the cortical
effects of arousal and engagement (Harris and Thiele, 2011). Ab-
sence of movement theoretically can include multiple arousal
states, including deep slow-wave sleep, quiet wakefulness, quiet
arousal, and rapid eye movement sleep, that can be differentiated
by pupil diameter, eyelid closure, and EEG in adults. However
monitoring of pupil and eyelid status as well as EEG cannot be
used consistently over the age ranges examined here (Jouvet-
Mounier et al., 1970; Seelke and Blumberg, 2010; Vinck et al.,
2015), requiring a more consistent albeit low-resolution metric
for state dependence. Likewise, a treadmill or similar apparatus
was not used to monitor locomotion because it is not a practical
method for weeks one and two when they must be externally
thermoregulated. For this initial exploration of thalamocortical
activity development we have limited the quantification of state
dependence to the behavioral transition between quiescence and
active movement during head-fixed body restraint, which is qual-
itatively similar to transitions between quiescence and running in
mice (Berzhanskaya et al., 2017). In our setup quiescence largely
consisted of quiet wakefulness, with a greater proportion occu-
pied by quiet (non-REM) sleep in younger animals. Active/REM
sleep is rare in head-fixed rodents unless special and age-specific
efforts are made to elicit it (Karlsson and Blumberg, 2003; Yüzgeç
et al., 2018).

Consistent with previous results (Colonnese and Khazipov,
2010; Ackman et al., 2012; Colonnese et al., 2017), until P11, the
VC has long-lasting silent periods with no spiking activity in any
layer (Fig. 1A). Locally, these silent periods last for tens of seconds
but are occasionally interrupted by spontaneous oscillatory
activity, called spindle-bursts or spontaneous-activity-transients,
which are the cortical response to spontaneous retinal waves
(Hanganu et al., 2006). Spindle-bursts contain powerful 20 –30
Hz oscillations that last up to several seconds (Colonnese and
Khazipov, 2010). Also consistent with previous reports (Murata
and Colonnese, 2016), dLGN showed a similar pattern of long
silent periods interrupted with 20 –30 Hz oscillations. At these
young ages, animal movement and neuronal activity were not
robustly visibly correlated in either dLGN or VC. After P13,
spontaneous spiking and LFP activity was largely continuous in
both VC and dLGN (Fig. 1B). At these ages, movement was visi-
bly consistently associated with an increase in MUA in dLGN and
VC as well as with decreases in the large amplitude, slow frequen-
cies of the LFP.

Simultaneous development of continuity and
movement-modulation in thalamus and cortex
To quantify the developmental changes in spontaneous activity
in these two structures we recorded simultaneously in dLGN and
VC from age groups designed to reflect the major developmental
stages: P5–P7 (stage 2 retinal waves); P9 –P11 (stage 3 retinal
waves); P13–P14 (after development of continuous activity in
VC); P16 –P19 (pre-critical period); P21–P26 (critical period);
and P42–P60 (near adult). The percentage of time spent moving
was similar in all age groups (n � 6 each; P5–P7 11.7 � 2.4%,
P9 –P11 14.1 � 3.0%, P13–P14 12.1 � 2.6%, P16 –P19 10.3 �
3.1%, P21–P26 14.6 � 4.1%, P46 –P60 8.8 � 3.2%, ANOVA for
age: F(5,30) � 0.50, p � 0.77).

We first measured the statistics of firing rate and continuity
across all behavioral states. Spontaneous MUA firing-rate in the
layer 4 of VC and in dLGN develop in close parallel, with in-
creases of nearly an order of magnitude increase between P5–P6
and P13–P14, more than two-thirds of the increase occurring
between P9 –P11 and P13–P14. By contrast in the week after
P13–P14 MUA firing rates increased by �1.3-fold, with no sig-
nificant changes between adjacent age groups (Fig. 2A; Table 1).
We measured the continuity of activity as the proportion of time
in which at least two spikes occurred with an interval of 500 ms,
approximately the smallest naturally occurring down-state in
head-fixed rats (Colonnese, 2014). Spike continuity in VC and
dLGN also both increase by �10-fold between P5–P6 and P13–
P14, with the only significant differences between adjacent
groups occurring between P9 –P11 and P13–P14. dLGN continu-
ity was statistically unchanged after P13–P14, whereas VC conti-
nuity further increased by 1.2-fold by P16 –P19 and remained
unchanged thereafter (Fig. 2B). Thus, VC and dLGN follow sim-
ilar developmental trajectories for spike rate and continuity, sug-
gesting that changes in dLGN may drive those occurring in VC.

We next examined how spike-modulation associated with
movement emerges in thalamocortical circuits during develop-
ment. Spike rate is reduced during movement in rat VC
(Mukherjee et al., 2017) during the second postnatal week, al-
though mice show increased firing during movement in L4, 1 d
after eye-opening (Hoy and Niell, 2015). The specific timing of
this switch not been examined in the same species under similar
conditions, and has not been examined in dLGN for either spe-
cies. We found that spike rates in both VC and dLGN significantly
decreased during movement periods before P11. After P13 we
observed significant movement-associated increases in spike
rates in dLGN, which did not change significantly thereafter (Fig.
2C2). In VC, spike rates show a trend toward increase during
movement at P13–P14, which is statistically significant at all ages
after P16 (Fig. 2C1).

Next, we examined the frequency modulation of the VC LFP
by movement during development. At P5–P7 and P9 –P11, spec-
tral power during quiescence largely accumulated in a single (or
dual resonance) peak centered at 7– 8 Hz at P5–P6 and 20 Hz at
P9 –P11, reflecting the dominant effect of retinal wave-driven
spindle-burst oscillations (Fig. 2D). During movement, sponta-
neous LFP spectra maintained this same frequency distribu-
tion, though power in the spindle-burst frequency band was
significantly reduced (7.5– 8.9 Hz at P5–P6 and 8.2–22.9 Hz at
P9 –P11), suggesting a general suppression of activity during
movement rather than a qualitatively different cortical state. Af-
ter P13, the transition from quiescence to movement was
accompanied by large-scale reorganization of the frequency dis-
tribution of cortical activity. Broad beta and gamma power
(16.2– 49.6 Hz) became increased during movement at P13–P14
(Fig. 2D). The oscillation frequency of movement-associated
modulation becomes narrower for the next few weeks until it was
restricted to the gamma frequency range at P42–P60 (41.7– 49.6
Hz), consistent with previously reported experience-dependent
development of cortical gamma oscillations (Chen et al., 2015;
Hoy and Niell, 2015). In addition, power in lower frequencies
(�10 Hz) was first significantly augmented during quiescence
beginning at P13–P14 (Fig. 2D), and this augmentation remained
consistent throughout the older ages. Next, we analyzed the cor-
relation between dLGN firing and VC LFP throughout develop-
ment. Correlation between dLGN spike rate and VC LFP spectral
power shows that positive correlation in the high-frequency
range and negative correlation in the low-frequency range appear
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Figure 2. Continuous activity, spike rate, and modulation during movement develop simultaneously in thalamus and cortex. A, Spike rate of VC (A1) and dLGN (A2) increases throughout
development. Circles show multiunit cortical layer 4 (A1) and dLGN (A2) spike rates from each animal taken from all conditions (quiet and moving). Line and error bars depict mean � SEM from n �
6 animals in each age group. Asterisk line shows result of post hoc test following one-way ANOVA for age ( p � 0.05). Only the shortest significance is shown for clarity (e.g., P9 –P11 is also different
from P16, P21, and P42 groups). B, Continuity of MUA in L4 VC (B1) and dLGN (B2) increases throughout development, largely between P11 and P13. C, MUA L4 VC and dLGN firing-rates switch from
negatively to positively correlated with movement between P11 and P13. Percentage change of VC (C1) and dLGN (C2) spike rate during movement relative to quiescence is shown at each age
(asterisk marked arrows show significant difference from zero ( p � 0.031) by one-sample Wilcoxon signed rank test. D, Adult-like modulation of the VC LFP during movement emerges at P13.
Population mean (n � 6 each) VC LFP spectra during movement (blue, solid line) and quiescence (red, dashed line) are shown for each age group. Thin lines show SEM. Frequency ranges with
significant increase during movement are marked by blue bars; during quiescence by red bars (permutation test, *p � 0.05). E, Adult-like correlation between VC LFP power and dLGN firing-rate
emerge after P13. Frequency ranges significantly different from zero are marked by black bars (permutation test, *p � 0.01).
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after P13 (Fig. 2E), demonstrating that dLGN firing becomes
tightly associated with the pattern of VC LFP frequency distribu-
tion just before the onset of visual experience.

In total, these results suggest that visual thalamus and cortex
acquires adult-like movement-associated changes of cortical
state, which include augmentation of spike rates in both struc-
tures and shifts in the LFP patterns driven by increases in tha-
lamic firing, as early as P13, with only subtle additional changes
over the next weeks.

dLGN is necessary for continuity and adult-like
movement-modulation in VC after P13
The results described above suggest that the changes in thalamic
behavior are responsible for the developmental acquisition of
continuity and adult-like state-switching in association with
movement in VC. To examine the degree to which dLGN con-
tributes to VC activity and its modulation, we pharmacologically
silenced dLGN by local injection of 1 mM Muscimol and 1%
Chicago Sky Blue dye after recording under control condition
(Poulet et al., 2012). Only animals in which postrecording histol-
ogy revealed the injection site to be centered in dLGN were in-
cluded in the analysis. dLGN silencing was further validated by
the lack of visual response in VC. Because animals younger than
P8 do not show visual response (Colonnese et al., 2010), we in-
vestigated animals older than P9. Recordings from hippocampus
directly under VC did not show an effect of drug infusion on
spike activity (n � 6, total firing rate change after infusion:
	2.9%�11.1%, Wilcoxon signed rank test, p � 0.68), showing
that muscimol did not effectively spread �1.5 mm from the in-
jection site. However, parts of the nearby lateral posterior nucleus
(pulvinar), with direct projections to VC (Roth et al., 2016),
could also be implicated in blockade.

Thalamic silencing decreased VC spike rates and continuity at
all ages and changed the direction of movement associated spike-
rate modulation in VC after P13 (Fig. 3A,B). Silencing reduced
VC spike rates by �50% at all ages examined (Fig. 3C), with no
significant differences between ages (Table 1). Silencing also re-
duced VC spike continuity at all ages (Fig. 3D); this effect of
silencing grew weaker with age, from a maximal effect of 94%
reduction P9 –P11 and minimal effect of 58% P46 –P60. These
results show that VC requires intact dLGN activity to maintain its
spike rate and continuity not only in early development, but also
in adults.

Next, we analyzed whether thalamic silencing affects VC
spike-rate modulation associated with movement. Silencing sig-
nificantly reduced firing-rate increases observed during move-
ment after at all ages P13–P14 and older, but not at P9 –P11 (Fig.
3E; Table 1). Interestingly, thalamic silencing made VC at all ages
resemble P9 –P11, as firing rates were significantly reduced dur-
ing movement, rather than increased as before the silencing. In
addition, silencing changed the VC LFP frequency distribution
during quiescence, and disrupted the state changes associated
with movement (Fig. 3F,G). In particular, beta and gamma fre-
quency bands were no longer augmented during movement
compared with quiescence (Fig. 3F,G). Significant reductions in
low-frequency bands were still observed following thalamic si-
lencing, suggesting a cortical origin for these rhythms and their
state dependence. These results suggest the crucial role of relay
thalamus in the generation of high-frequency spiking and field
potential activity in VC during movement.

This role of dLGN to drive continuity and movement depen-
dence may result from changes in thalamus and its inputs, or
result from changes in the corticothalamic loop. Therefore, to

determine whether VC is required for dLGN activity modulation,
we pharmacologically silenced VC by local application of the
glutamate antagonist APV and CNQX. The effective silencing of
VC at these ages was confirmed by the complete loss of VC spikes.
We have previously shown that VC silencing decreases dLGN
activity at P9 –P11 but increases it at P13–P14, suggesting the
cortical feedback changes its role from amplification to suppres-
sion of thalamic activity between P11 and P13 (Murata and Col-
onnese, 2016; Fig. 3). Here we present the result of cortical
silencing on movement associated firing rate changes. At P9 –
P11, dLGN MUA firing rates are decreased by 39.3 � 8.9% dur-
ing movement before VC silencing, and 35.8 � 5.2% after (Fig.
4A; n � 6, Wilcoxon signed rank test for difference from 0, before
and after p � 0.031; difference between control and VC: p �
0.219 by Wilcoxon). By contrast, at P13–P14, dLGN spikes-rate
increased during movement 80.5 � 21.1% before and 35.6 �
17.4% after VC silencing (Fig. 4B; n � 6, Wilcoxon test for dif-
ference from 0, before and after p � 0.031). The difference be-
tween the between the two conditions was not significant
(Wilcoxon, p � 0.813). These results show that although VC
amplifies dLGN spike activity before P11 and suppresses it after
P13 (Murata and Colonnese, 2016), VC is not required for
movement-associated modulation of dLGN spike rate at any age.
Together, the results above suggest that the changes in visual
thalamic circuits, not in cortical, are responsible for acquisition
of continuous movement-correlated activity.

Thalamic developmental changes occur in single units
Next, we examined the development of dLGN activity at the neu-
ron level by isolating presumptive single units from a multielec-
trode array (Fig 5A,B). The mean number of clusters that could
be categorized as reliable single-units in each animal more than
tripled between P9 –P11 and P16 –P19 (Fig. 5C; Table 1 for all
descriptive stats), but the proportion of total recorded spikes that
were placed in good clusters was not significantly different be-
tween ages (Fig. 5D), suggesting spike sorting using the masked
EM algorithm was of similar quality among ages examined (Ros-
sant et al., 2016). Mean spike amplitude gradually increased with
age (Fig. 5E; lowest P5–P7 65.8 � 4.5 �V; highest P42–P60
130.6 � 6.1 �V), whereas spike width is gradually decreased be-
tween P13–P14 (0.76 � 0.01 ms) and P42–P60 (0.51 � 0.01 ms;
Fig. 5F).

The single-unit recordings show a similar, though more grad-
ual, development of spike rate and continuity as observed for the
MUA (Fig. 5G,H; Table 1). Mean animal firing rate showed a
significant effect of age, increasing gradually from 0.49 � 0.04
spikes/s at P5–P7 to 3.18 � 0.2 spikes/s at P42–P60, with signifi-
cant changes between adjacent age groups at P5–P7 versus P9 –
P11 and P9 –P11 versus P13–P14 (Fig. 5G1; n � 6/group). Mean
spike rate for all neurons showed a similar pattern (Fig. 5G2; for
this and all single-unit analyses: n � 6 animals per group and
P5–P7 69, P9 –P11 87, P13–P14 192, P16 –P19 258, P21–P26 221,
P42–P60 250 neurons). Mean animal continuity was 0.06 � 0.01
at P5–P7, increasing significantly to 0.31 � 0.02 P42–P60, but no
adjacent age groups were significantly different until the P21–P26
and P41–P60 groups (Fig. 5H1). Examination of the means for all
neurons was similar (Fig. 5H2). In contrast to spike rate and
continuity, for which the parameters developed more gradually
for single units compared with multiunits, the developmental
changes in spike-rate associated with movement developed as a
step-function between P9 –P11 and P13–P14 (Fig. 5I). Mean an-
imal single-unit movement-modulation (Fig. 5I1) was signifi-
cantly negative at P5–P7 (�29 � 6%) and P9 –P11 (�22 � 4%).
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Figure 3. dLGN is required for continuous visual cortical activity modulated during movement after P13. A, B, Representative VC spontaneous activity before (A) and after thalamic silencing (B) at P13. VC
MUA, spike rate, LFP, and its spectrogram are shown. Movement periods are marked by light red shades. Thalamus was silenced with local injection of 1 mM muscimol into dLGN after control recording. After
thalamic silencing, VC spikes decreased and became discontinuous, and VC LFP lost beta-gamma band activity during movement. Bars represent 5 s, 10 spikes/s, and 100�V. C, D. dLGN is the major contributor
to VC spike activity throughout development. Percentage changes of VC L4 MUA spike rate (C) and continuity (D) after thalamic silencing at each age (n � 6 each; Wilcoxon signed rank test for difference from
pre-silencing, *p � 0.031). E, Thalamic silencing causes suppression of VC spiking during movement. After thalamic silencing, VC spikes are negatively modulated during movement at all ages examined, a
pattern usually observed only before P9 –P11 in intact animals. Percentage changes of dLGN spike rate during movement relative to quiescence are shown for baseline (Control, black open circle) and following
thalamic silencing (Thalamus, orange filled circle) at each age (n � 6 each; Wilcoxon signed rank test for difference ( p � 0.031) from zero (*on mean) and difference between control and thalamus (*on
horizontal bar). F, G, Thalamic silencing alters VC LFP frequency distribution and its modulation during movement. VC LFP spectra during movement (blue) and quiescence (red) before (F ) and after thalamic
silencing (G) are shown at each age. The augmentation of beta-gamma power during movement after P13 is eliminated by thalamic silencing, whereas increases in lower frequency power during quiescence
remain (n � 6 for each, horizontal line shows range of significant frequencies modulated during movement (permutation test, *p � 0.05).
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At all ages P13–P14 and older, movement was associated with
significantly increased firing (between 48% and 67% increases).
The mean movement change for all neurons was similar (Fig. 5I2)
to the animal means.

During states of behavioral quiescence, thalamic neurons pro-
duce rapid bursts of spikes that likely contribute to the changes in
cortical rhythms and sensory responses during inattentive states
(Llinás and Steriade, 2006). We investigated the development of
thalamic bursting and its relationship to cortical activity devel-
opment by analyzing the distribution of interspike intervals of
dLGN single units during movement and quiescence. We first
examined the spike intervals separately for moving and quies-
cence at each age group by calculating the distribution for all
intervals (1 ms bins) in a group. The interval distributions (Fig.
6A,B) show clear shifts over age. At P5–P7 and P9 –P11, the
interval distributions were dominated by a low and high-
frequency peaks that correspond to the structure of spindle-
bursts at these ages (Murata and Colonnese, 2016), but did not
change much between movement and quiescence. Beginning
with the P13–P14 group, difference between moving and quies-
cent periods emerged, as quiescence became associated with a
peak in the distribution below intervals of 5 ms, first appeared
unimodal before becoming bimodal by P21–P26. To analyze the
changes associated with movement statistically, we constructed a
separate distribution using a logarithmically increasing bin size
and first calculating interval distributions for each animal on
which to perform a permutation analysis (p � 0.01) to determine
intervals with statistically significant changes in occurrence be-
tween movement and quiescence (Fig. 6C). No significant differ-
ence was observed at P5–P7 or P9 –P11. At P13-P14 we observed
an increase in the proportion of intervals 48 –51 ms during move-
ment. At P16-P19 and above we observed a continued increase in
longer intervals during movement as well as an increase in very
short (�4 ms) intervals during quiescence.

Very short (�4 ms) interspike intervals are defined as tha-
lamic bursting in adults (Weyand et al., 2001; Steriade and Mc-
Carley, 2005). Thus, we next analyzed bursting activity in dLGN.
Bursts are defined as at least two spikes with 4 ms or shorter
interspike intervals following a 100 ms or longer silent period
(Weyand et al., 2001). No more than 1.4% of spikes were part of
a burst during movement periods at any age (Fig. 6D1). During
quiescence the proportion of spikes in bursts increased from
1.3 � 0.5% at P13–P4 to 8.9 � 0.4% at P16 –P19 (Fig. 6D2). Age
groups below P13–P14 did not significantly differ from each
other in burst proportion, and all were different from age groups

P16 –P19 and above. Likewise, older animals differ significantly
from the younger groups, but not each other. These results show
that significant bursting activity appears in dLGN by P16, a few
days after the thalamic and cortical acquisition of movement
associated modulation, suggesting that movement-associated
modulation of firing rate and bursting develop independently in
thalamus.

Thalamocortical visual response and transmission mature
similarly to spontaneous activity
Last, we quantified development of thalamocortical transmission
by analyzing thalamic and cortical responses to the whole-field
visual stimulation. Because animals younger than P8 do not show
visual responses, we examined animals older than P9 and gave
100 ms whole-field visual stimuli on the contralateral eye through
the closed (until P13) or opened eyelid (after P14).

Before P11, light flashes evoked slow-onset, long-lasting,
high-amplitude responses that are typically composed of two dis-
tinct phases; an initial response containing gamma oscillation
followed by a secondary response containing beta oscillation
(Colonnese et al., 2010). dLGN MUA shows a similar biphasic
spectral response as VC (an example is shown in Fig. 7A; more
quantitative analysis is shown by Murata and Colonnese, 2016).
After P13, the same light flashes evoked more adult-like visual
response, consisting of a fast-onset and short-lasting response
without secondary activation in both structures (Fig. 7B).

We calculated developmental changes in the onset and offset
latency to determine what portion of these changes observed in
cortex are mirrored in dLGN. Population mean poststimulus
spike rate histogram for dLGN and VC were constructed, and
each age showed qualitatively similar developmental profiles be-
tween these two structures (Fig. 7C,D). In particular, both struc-
tures change from long-duration responses to short, peaked
responses between P9 –P11 and P13–P14. Quantitative analysis
of the population averages for response on and off latency, as well
as total response duration, shows that visual responses in both
VC and dLGN mature mainly between P11 and P13 (Fig. 7E–G).
Off-latency and duration significantly declined between P9 –P11
and P13–P14, but not thereafter, whereas on-latency also showed
significant reductions between P13–P14 and P21–P26 and P42–
P60. The latency between dLGN onset and VC onset matured
along the same pattern, significantly decreasing between P9 –P11
and P13–P14 but not after, suggesting an improvement in
thalamocortical transmission at the time of the state transition
(Fig. 7H). To examine potential thalamic contributions to the

Figure 4. dLGN spike-rate modulation during movement is not significantly altered by VC silencing. A, VC silencing does not significantly alter dLGN MUA rate changes observed during movement
at P9 –P11. VC was pharmacologically silenced by local application of the glutamate receptor antagonist APV and CNQX following baseline recording. At P9 –P11, dLGN spike rate is decreased during
movement, and this movement-associated change is not significantly altered by VC silencing. [n � 6 for each; Wilcoxon signed rank test for difference from zero (*on mean) or for control vs VC
silenced (horizontal bar); *p � 0.031, n.s.: not significant]. B, At P13–P14, dLGN spike rate is increased during movement, and this movement-associated change in activity is not significantly
modified by VC silencing (n � 6).
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shortening of the visual responses between P9 –P11 and P13–P14
we examined the offset latency between dLGN and VC. Previ-
ously results have indicated a rapid increase in feedforward inhi-
bition driven by retinal axons in dLGN (Ziburkus et al., 2003;
Dilger et al., 2011), by thalamocortical axons in VC (Colonnese,

2014) and by corticothalamic feedback to dLGN (Murata and
Colonnese, 2016), all of which could contribute to the shorten-
ing. Surprisingly VC stops firing before dLGN at all ages (Fig. 7I)
even though there was a significant drop in the off-latency be-
tween P9 –P11 and P13–P14, the same day as the shortening. This

Figure 5. Development of thalamic single-unit behavior. A, B, Representative single units (SUs) isolated from multielectrode array recordings in dLGN of awake rats at P10 (A) and P14 (B).
Waveforms and raster plot of representative eight SUs are shown at each age. C–F, Spike-sorting characteristics by developmental age. The number of identified SUs (C), percentage of total spikes
assigned to SUs (D), spike amplitude (E), and spike width (F ) for each age. G, dLGN SU spike rate increases gradually during development. dLGN SU spike rate is shown as animal means (G1; n �
6 each) and cumulative distribution for all units (G2; n � 69, 87, 192, 258, 221, 250, respectively). G1, G2, Asterisk bars show shortest significant pairs identified by post hoc test following ANOVA
for effect of age; *p � 0.05. H, dLGN SU continuity increases during development. Statistics as for G. I, dLGN SU spike rates become positively modulated during movement after P13. Statistics as
for G, but for I1 asterisk denotes Wilcoxon signed rank test for difference from zero; p � 0.031.
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suggests that inhibition in VC, in addition to shortening of dLGN
responses, is a contributor to the visual response changes occur-
ring on P12. Together our results suggest that thalamic and cor-
tical visual responses and transmission mature simultaneously
with the changes in spontaneous activity �P13.

Discussion
In this study, we provide a comprehensive developmental profile
for activity in VC and dLGN using simultaneous recordings in
unanesthetized rats. Our study examined a central developmen-
tal mystery: the locus of developmental change that ushers in
continuous “background” activity, the basis of cortical states, and
their modulation by arousal and vigilance. For primary visual
thalamocortex of rats, we show that the emergence of both con-
tinuity and one component of arousal modulation, movement-

associated increases in firing, occurs simultaneously in both
structures between P11 and P13, just before eye opening. Activity
in dLGN is necessary to maintain continuous activity and its
modulation by movement in VC from eye opening to adulthood,
whereas cortical activity is not necessary for either in dLGN after
P13. Thus, continuity of activity and its robust modulation by
behavioral state arises during development not because of circuit
changes in VC, or within the thalamocortical loop, but through
the acquisition of both within dLGN and/or its inputs. The simul-
taneous emergence of both continuity and state-modulation sug-
gests they are driven by the same mechanisms. This mechanism is
not thalamic bursting, which emerges 3 d later. Finally, we further
implicate circuit changes within dLGN as the locus for the rapid
decrease in excitability to visual stimuli that occurs simultane-

Figure 6. Developmental emergence of bursting in dLGN in vivo. A, B, Distribution of interspike intervals for all dLGN single-units during movement (A) and quiescence (B) by age group. One
millisecond interval bins; n � 69, 87, 192, 258, 221, 250 neurons from 6 animals in each group. Notably, interspike intervals �4 ms become prominent during quiescence after P16. C, Animal mean
interspike intervals during movement and quiescence. Mean and SEM of n�6 animals per group. Horizontal bars show significant decrease (red) and increase (blue) during movement (permutation
test, *p � 0.01). D, Percentage of spikes in bursts during movement (D1) and quiescence (D2) by age group. Frequent bursting occurs only during quiescence in dLGN and only after P16 (n � 6 for
each, ANOVA, horizontal bar shows shortest significant difference; *p � 0.01).
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Figure 7. Thalamocortical visual responses and transmission mature simultaneously with spontaneous activity. A, B, Representative visual response in simultaneously recorded VC and dLGN of
awake rats at P10 (A) and P13 (B). LFP, MUA, and spectrogram of VC LFP and dLGN MUA are shown in response to 100 ms whole-field light flash onto the contralateral eye. At P10, both dLGN MUA
and VC LFP generate initial early-gamma oscillation and subsequent spindle-burst oscillation (A). At P13, even though the eyelids are still closed at this age, both dLGN and VC show a faster and
shorter visual spike response and no longer generate long-lasting beta and gamma oscillation (B). C, D, Population mean poststimulus spike rate histogram for P9 –P11, P13–P14, P16 –P19,
P21–P26, and P42–P60 in VC (C) and dLGN (D). Thin lines show SEM. E–I, Thalamocortical visual response and transmission largely improve between P11 and P13 when spontaneous activity also
matures. Population mean of on latency (E), off latency (F ), duration (G), on latency between dLGN and VC (H ), and off latency between dLGN and VC (I ) for each age (n � 6 for each, ANOVA,
horizontal bar shows shortest significant difference; *p � 0.05).
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ously with spontaneous activity in rodents, ferrets, and humans
(Smith et al., 2015; Li et al., 2017; Colonnese and Phillips, 2018).
Together, our results show that for the visual system, relay thal-
amus plays an unexpectedly important role as a central pacer of
activity development in cortex, and may provide crucial clues to
the mechanism of action of developmental insults, such as severe
infection and hypoxia/ischemia, which disrupt the development
of continuous activity to disastrous effect (André et al., 2010; Iyer
et al., 2014; Benders et al., 2015; Ranasinghe et al., 2015). Animal
models systemically mimicking common brain injuries, such as tha-
lamic or white-matter lesions after hypoxic-ischemic encephalopa-
thy (McQuillen and Ferriero, 2004; Miller et al., 2005; Rutherford et
al., 2010), have the potential to inform the circuit basis of disrupted
EEG and improve diagnosis of infants in vulnerable situations.

LGN is the locus for the acquisition of mature background
activity in VC
During the period of initial thalamic axon growth and cortical
circuit formation, spontaneous activity generated within thala-
mocortical circuits is minimal (Colonnese and Khazipov, 2012;
Ackman and Crair, 2014; Leighton and Lohmann, 2016). Instead,
activation is largely provided by inputs to thalamus. This input
comes from spontaneous bursts in the sense organ in primary
sensory and motor cortex, and hippocampus in frontal associa-
tion regions (An et al., 2014; Del Rio-Bermudez et al., 2015; Har-
tung et al., 2016; Luhmann and Khazipov, 2018). Because
modulation of continuous, internally generated thalamocortical
activity is the basis of the commonly described cortical vigilance
states (McCormick et al., 2015), its absence in early development
contributes to the poor and atypical state regulation of cortical
activity observed during the early development of all mammalian
species (Jouvet-Mounier et al., 1970; Marcano-Reik and Blum-
berg, 2008; Seelke and Blumberg, 2010). As measured by the
electrocardiogram and EMG, neonates cycle through wake and
sleep states similar to those found in adults (Blumberg et al.,
2014; Dereymaeker et al., 2017). Furthermore, the midbrain and
hindbrain nuclei regulating arousal behave similarly in infants
and adults (Karlsson and Blumberg, 2005). Thus acquisition of
cortical activity regulation by behavioral and brainstem arousal
awaits integration of thalamocortex into the ascending activating
and sleep-regulatory systems, not the development of these sys-
tems per se. For example, during the first 2 postnatal weeks VC
neurons (and network) do not produce an “active” (“Up”) state
either during sleep or wakefulness, but on P13 they express both
persistent stable depolarization during wakefulness as well as al-
ternating up- and down-states during sleep, as if the mechanisms
shifting cortex between waking and sleep were intact but they
lacked a target to modulate (Colonnese, 2014).

The present results significantly extend our understanding of
this process by identifying, for visual thalamocortex at least,
changes within relay thalamus as its locus. Recent work has indi-
cated a critical role for thalamus in the maintenance of continu-
ous activity during waking and sleep in adults (Lemieux et al.,
2014; Reinhold et al., 2015). Our results show that what is missing
during early development of VC is not the capacity to respond to
spontaneous activity in dLGN, or to changes in the circuitry or
activity of cortical feedback, but rather the capacity of relay thal-
amus itself to generate continuous and state-dependent activity.

The specific circuit changes within dLGN that drive these
processes remains unclear. Increasing continuity of retinal
background activity likely contributes. In mice, spontaneous
(discontinuous) waves of retinal ganglion cells transition to con-

tinuous, response-type-specific patterns during the third postna-
tal week (Demas et al., 2003). In adult cats, the large majority of
spontaneous dLGN activity is driven by retina, but dLGN quickly
recovers spontaneous activity after retinal lesions suggesting that
intrinsic excitability of dLGN relay cells can contribute to regu-
lation of spontaneous firing and may play a factor in its develop-
ment (Eysel and Grüsser, 1978). The capacity of dLGN to
maintain activity via interactions between the thalamic reticular
nucleus (TRN) and cortex via hyperpolarization-activated cur-
rents and bursting is a potential contributor to the development
of continuity, as many of the anatomical and cellular components
are developing during the second and third postnatal weeks. (Lo
et al., 2002; Bickford et al., 2010; Dilger et al., 2011).

Perhaps more likely to be a thalamic effect, is the development
of movement-associated increases in firing at P13. Surprisingly,
we find that activity in thalamus is required for positive modula-
tion by movement in VC after P13. Recent studies show that VC
firing is increased during running, although similar spike-rate
modulation in dLGN has received mixed evidence (Niell and
Stryker, 2010; Erisken et al., 2014; Williamson et al., 2015; Roth et
al., 2016). We found increases in dLGN firing during movement
larger than previously identified on a running wheel. This may be
due to species (rat vs mouse), behavioral protocol (tube re-
strained vs running), or visual stimulus (low-light vs defined vi-
sual stimulus; Dipoppa et al., 2018). We note that the amplitude
of the movement effect at the single-unit level is decreasing with
age and thus may be more similar to others’ results after P60.
More surprising, we show that in the absence of dLGN, VC firing
is suppressed, as in neonates. This is reminiscent of the barrel
cortex, where whisking causes suppression of cortical activation
when thalamus is silenced (Poulet et al., 2012; but see Constanti-
nople and Bruno, 2011). Our results are not consist with a simple
model of cortical disinhibition causing movement-associated fir-
ing (Fu et al., 2014), but rather a more complex, and stimulus-
dependent (Pakan et al., 2016; Dipoppa et al., 2018) rebalancing
of recurrent and thalamic inputs within the cortical network.

Early bursting and visual responses
Interestingly, thalamic bursting is not a critical component of the
initial development of cortical state modulation, or the down-
regulation of visual responses. The various low frequencies pro-
duced during the various states of quiescence arise through a
complicated interaction between thalamic and cortical oscillators
(Crunelli et al., 2015), with relay neuron bursting working to
entrain cortical slow-waves (David et al., 2013). The cortical be-
havior most correlated to the emergence of thalamic bursting in
our data were a shift in the peak frequency during quiescence
from 3 to 6 Hz. Our data are consistent with a model of develop-
ment in which at P13 the acquisition of continuous activity in
dLGN drives continuous activity in VC; the density of this activity
is low during quiescence resulting in slow-wave generated largely
in cortex dominating the LFP, whereas during movement dLGN
activity is denser, resulting in a continuous up-state (Colonnese,
2014). By P16 busting allows synchronization with thalamus, in-
creasing the frequency of “slow” activity in VC.

The changes in visual response properties may revolve around
the development of thalamic inhibition and its regulation of cal-
cium dynamics in relay neurons. Plateau potentials could con-
tribute to generation of light-evoked spindle-burst oscillations in
dLGN during the early period. In slices the developmental loss of
plateau potentials in response to optic nerve stimulation is driven
by maturation of inhibition (Dilger et al., 2011). Potential
sources of inhibition in dLGN in vivo include both thalamic re-
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ticular nucleus and local dLGN interneurons (Arcelli et al., 1997;
Hirsch et al., 2015). Recent studies show that arousal modulates
TRN activity (Halassa et al., 2014) and visual attention controls
dLGN activity in visual TRN (Wimmer et al., 2015), suggesting
various roles of thalamic inhibitory system in adults and possibly
also in early development. We recently showed that functional inhi-
bition of the dLGN by VC, presumably through TRN, develops on
P13 (Murata and Colonnese, 2016), suggesting that it is likely to
contribute to the shortening of visual responses and suppression of
plateau potentials. Inhibition is critical to stabilize network activity,
allowing for continuous asynchronous activation observed begin-
ning �P13 in our animals. Therefore, we suggest that inhibitory
development, which is also observed in VC beginning at P13 (Col-
onnese, 2014), is an important contributor to the development of
continuity and adult-like movement-associations observed here.
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