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Studies of patterned spontaneous activity can elucidate how the organization of neural circuits emerges.
Using in vivo two-photon Ca21 imaging, we studied spatio-temporal patterns of spontaneous activity in the
optic tectum of Xenopus tadpoles. We found rhythmic patterns of global synchronous spontaneous activity
between neurons, which depends on visual experience and developmental stage. By contrast, synchronous
spontaneous activity between non-neuronal cells is mediated more locally. To understand the source of the
neuronal spontaneous activity, input to the tectum was systematically removed. Whereas removing input
from the visual or mechanosensory system alone had little effect on patterned spontaneous activity,
removing input from both systems drastically altered it. These results suggest that either input is sufficient
to maintain the intrinsically generated spontaneous activity and that patterned spontaneous activity results
from input from multisensory systems. Thus, the amphibian midbrain differs from the mammalian visual
system, whose spontaneous activity is controlled by retinal waves.

I
n the developing brain, spontaneous activity plays an important instructive role in topographic organization1,2,
as neurons with correlated spontaneous activity have connectivity with similar functional and physiological
features3–5. There is, however, some variance in the development of correlated spontaneous activity. In

mammalian neocortex, highly correlated spontaneous activity in a large neuronal population at an early age is
subsequently replaced by less correlated activity in sparse populations6. In the zebrafish spinal cord, on the other
hand, sporadic spontaneous activity in a small population of cells is switched to tightly correlated activity across
the larger population within a few hours during the early developmental stage7. These opposite trends in activity
in the different systems (sensory and motor) or different developmental stages suggest that, to understand the
development of precise topographic organization, it is crucial to understand spatio-temporal patterns of spon-
taneous activity in the developing brain. We addressed this question in the developing optic tectum of albino
tadpoles, Xenopus laevis, using an in vivo two-photon Ca21 imaging technique. The Xenopus tectum has been an
important model system for the study of developmental plasticity of retinotectal organization8–11 and, more
recently, of multisensory integration12. However, study of spontaneous activity in the tectum has been largely
overlooked. Only a recent study using an in vitro Ca21 imaging technique addressed this question, and found
sporadic spontaneous activity13. However, spatio-temporal patterns of spontaneous activity in the intact tectum
are not yet understood. Spontaneous activity in developing brain circuits often originates from more than one
source: self-generating activity14,15 and/or ascending input2. In a recent study, acute eye enucleation in mouse
revealed only a partial influence on synchronous spontaneous activity in primary visual cortex before eye
opening16, leaving the question open of what the origin for the residual activity could be. In the current study,
thus, we separately manipulated and measured both self-generated activity and ascending input in the developing
midbrain to define both the nature and the source of the spatio-temporal patterns of spontaneous activity in the
tectal neurons during development.

Results
The optic tectum in Xenopus laevis tadpole is roughly divided into three layers: the neuropil that mainly consists
of ascending sensory axons and tectal dendrites, the cell body layer that consists of tectal somata, and the
ventricular layer that contains radial glial ‘‘and other non-neuronal’’ cells (Fig. 1A, S1). Thus, the layers delineate
the input (the neuropil) and output (somata) regions in the tectum. To assess spontaneous activity in these layers,
we used in vivo two-photon Ca21 imaging of both the neuropil and somata stained by a cell-permeant intracellular
calcium indicator, Oregon Green BAPTA-1 AM (OGB1-AM), in 50 tecta (Fig. 1A, S1)17. A slow frame speed
(0.6 frames/s, fps) allowed us to capture the spontaneous events while minimizing the chance of photo damage.

SUBJECT AREAS:
VISUAL SYSTEM

AUDITORY SYSTEM

NEURON

SOMATOSENSORY SYSTEM

Received
13 September 2012

Accepted
8 March 2013

Published
27 March 2013

Correspondence and
requests for materials

should be addressed to
K.I. (kazuo1@lsu.edu)

SCIENTIFIC REPORTS | 3 : 1552 | DOI: 10.1038/srep01552 1



Because visual experience enhances the growth of tectal dendrites in
Xenopus tadpoles18, we hypothesized that visual experience would
alter spontaneous activity patterns in the developing midbrain of optic
tectum. To test this hypothesis, tadpoles were raised in one of two
different conditions (control 12 hours light/dark or 24 hours dark).

Spontaneous Ca21 events in the input layer of the tectum.
Figure 1B illustrates six representative Ca21 traces of spontaneous
activity in the input layer of the neuropil at different developmental
stages in the two different rearing conditions. We imaged 9 and
4 tecta (CTRL vs. Dark) at stage 45/46, 5 and 11 tecta at stage
47/48, and 10 and 11 tecta at stage 49/50. At stage 45/46, event fre-
quency (Ca21 events/min) and magnitude (DF/F) of spontaneous
activity were low and small (Fig. 1B top panels). At later stages,
they developed a higher event frequency and a larger event magni-
tude of spontaneous activity (Fig. 1B middle and bottom panels).
Contrary to our hypothesis, within-stage comparisons revealed no
significant difference in the event frequency (unpaired t-test: p 5
0.06 at stage 45/46; p 5 0.88 at stage 47/48; and p 5 0.69 at stage 49/
50) and magnitude (unpaired t-test: p 5 0.55 at stage 45/46; p 5 0.28
at stage 47/48; and p 5 0.07 at stage 49/50) of spontaneous activity
between the two different rearing conditions (Fig. 1C, D left panels).
However, spontaneous Ca21 events were stage-dependent (Fig. 1C, D
right panels). Both event frequency and magnitude were the highest
at stage 47/48. Event magnitude increased significantly from stage
45/46 to 47/48, and decreased significantly to stage 49/50.

A rhythmic pattern is a characteristic feature of spontaneous activ-
ity in the developing brain14. To quantify the development of
temporal patterns of Ca21 events, we computed the coefficient of
variation (CV) of inter-event intervals (IEIs): SD divided by the mean
IEI. Here, the smaller the CV, the more periodic the IEIs. There was
no significant difference (unpaired t-test: p 5 0.78 at stage 45/46;
p 5 0.22 at stage 47/48; and p 5 0.35 at stage 49/50) in the CV of IEIs
between the two rearing conditions (Fig. 1E left panel). More impor-
tantly, the CV of IEIs showed no significant difference between the
stages (Fig. 1E right panel), indicating that spontaneous Ca21 events
maintained consistent rhythmic patterns across developmental
stages. These rhythmic patterns displayed intervals of 15–25 s
(Fig. 1C). Overall, the frequency and magnitude of spontaneous
Ca21 events in the neuropil depended on stage, not visual-experience,
and spontaneous activity had consistent rhythmic patterns through-
out the stages tested. These results in the input layer led us to test
whether spontaneous Ca21 events in the output layer show similar
dependencies.

Spontaneous Ca21 events in the output layer of the tectum. Using
the same 50 tecta, we examined spontaneous Ca21 events in the
output layer in regions of interest (ROIs) that were conservatively
selected on clearly distinguishable somata. This allowed us to
perform between-cell analysis of spontaneous activity, an analysis
we were unable to perform with the layer-wide measurements of
the neuropil. Figure 2A, B illustrates the occurrence of spontane-
ous Ca21 events and representative Ca21 traces in single somata
(black) and neuropil (red), respectively. Synchronized spontaneous
activity was evident in both soma-soma and soma-neuropil pairs. We
computed cross-correlation functions (CCFs) for all pairs (Fig. 2C)
because visual experience may enhance recurrent activity19. We
found that many had high maximum correlation coefficient
(MCC) values. Such high MCC values of ,0.5 indicate hyper-
synchronous spontaneous activity. The percentage of cell pairs in
which the MCC occurred at 0 s time lag (hereafter, 0 s lag MCC)
was 83.1 (6 20.7; mean 6 S.D.), in 50 tecta (Fig. 2C insets).
However, the high prevalence of 0 s lag MCCs could have been an
artifact caused by the slow frame speed of 0.6 fps. We tested this
possibility using faster frame speeds of 10–100 fps for a subset of
eight tecta (nine imaging sessions). Four out of nine fast imaging
sessions used 20 fps and the rest were 10, 17, 33, 42, and 100 fps. The

test showed that even at this high frame speed, extreme synchrony
was still evident, albeit reduced (Fig. 3). Whereas 0 s lag MCCs
occurred in 52.7% (6 31.5) of cell pairs for fast frame imaging

Figure 1 | Development of spontaneous Ca21 events in Xenopus tectum
depends on stage but not visual-experience. (A) Movie frame of optic

tectum stained by OGB-1AM. Spontaneous Ca21 events were assessed in

the neuropil (Np; surrounded by a dashed line). C: cell body layer, V:

ventricular layer, R: rostral, L: lateral. (B) Example traces of spontaneous

Ca21 events in tecta reared under a control 12/12 hours light/dark cycle

(CTRL: left column) and a dark condition (Dark: right column) at

different developmental stages. (C–D) Analysis of event frequency and

magnitude of spontaneous activity. Within-stage comparisons between

the two rearing conditions were performed by unpaired t-test (left

column). Between-stage comparisons after pooling the two rearing

conditions were performed by Fisher’s protected least significant

difference test (right column). (C) Mean 6 S.D. of event frequency in each

groups is; 2.7 6 1.0 (CTRL) vs. 3.9 6 0.8 (Dark) at stage 45/46,

3.8 6 1.0 vs. 3.7 6 1.2 at stage 47/48, and 2.5 6 1.0 vs. 2.7 6 1.0 at stage 49/

50. (D) Mean 6 S.D. of event magnitude in each group is; 12.2 6 8.1

(CTRL) vs. 15.1 6 7.6 (Dark) at stage 45/46, 24.3 6 9.1 vs. 28.9 6 6.8 at

stage 47/48, and 25.8 6 10.8 vs. 16.2 6 11.4 at stage 49/50. (E) Coefficient

of variation (CV) of inter-event intervals (IEIs) of spontaneous activity.

Mean 6 S.D. of CV of IEI in each group is; 0.56 6 0.14 (CTRL) vs.

0.53 6 0.18 at stage 45/46, 0.48 6 0.08 vs. 0.59 6 0.18 at stage 47/48, and

0.59 6 0.15 vs. 0.64 6 0.12 at stage 49/50. Sample size at each stage in the

two different rearing conditions is noted in (E). *: p,0.05, **: p,0.01,

***: p,0.001. Error bars are S.E.M.
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(e.g., Fig. 3B insets), 95.1% (6 4.5) of pairs had 0 s lag MCCs at the
slow frame imaging speed (p,0.001, paired t-test; same tecta). All
data were pooled because we did not find any correlation between
frame speed and the percentage of neuron pairs with 0 s lag MCCs (a
linear regression, r2 5 0.02, p.0.05). Although, the proportion of
cells with a 0s lag MCCs may be biased by the slow frame speed, the
high proportion (53–83%) of cells with a 0 s lag MCC strongly
suggests that tectal cells receive input from a common source to
generate spontaneous activity.

Unlike in the input layer of the tectum, visual experience influ-
enced spontaneous Ca21 events in the output layer, as MCC values
varied within each stage (Fig. 2D left panel), and across

developmental stages (Fig. 2D right panel). In general, MCC values
were higher in the control than in the dark-reared condition, sug-
gesting that visual experience enhanced synchronized spontaneous
activity between cells. However, at stage 47/48, MCC values were
lower in the control than in the dark-reared condition. With respect
to effects of developmental stage, MCC values at stage 47/48 were
significantly lower or higher than at other stages in the control or
dark condition, respectively (Fig. 2D right panel). These differences
could be caused by differences in neural transmission efficacy from
the input (the neuropil) to the output layer (somata). The neural
transmission efficacy was defined by synchrony of spontaneous
Ca21 events between the neuropil and somata and assessed by
MCC values in CCFs. However, there was no significant difference
of average MCC values between rearing conditions within stage
(Fig. 4 left panel) or across developmental stages (Fig. 4 right panel).
Taken together, spontaneous Ca21 events in the output layer (cell-
cell interactions) differ from those in the input layer (the neuropil), as
visual experience and developmental stage influence cell-cell syn-
chronous interactions. Furthermore, these synchronous spontan-
eous Ca21 events occur globally in the tectum.

A source of spontaneous Ca21 events. Based on the results above, it
is clear that the frequency and magnitude of spontaneous Ca21 events
in the input layer of the tectum do not covary with the development
of cell-cell interactions in the output layer. This, along with the high
proportion of cell pairs with 0 s lag MCC (53–83%), leads us to
hypothesize that the spontaneous activity across somata was self-
generated. To test this hypothesis, we directly manipulated input
from the sensory systems to the tectum. In the optic tectum, visual
input by retinal ganglion cells via retinotectal projections from the
contralateral eye drives sensory response20,21. In 10 tecta (8 tecta at
stage 49/50 and 2 at stage 47/48), following two or three control
imaging sessions, we removed visual input to the tectum by enu-
cleating the contralateral eye and subsequently repeated imaging
sessions. ROIs were chosen in a large area including the cell body
layer and the neuropil. Figure 5A illustrates two examples of spon-
taneous Ca21 traces before and after the manipulation. The manipu-
lation altered neither the event frequency nor the event magnitude of
spontaneous activity (Fig. 5B, C). Therefore, input from the visual
system is not necessary to generate spontaneous activity. The optic
tectum also receives mechanosensory input from auditory, somato-
sensory, and lateral-line systems via the hindbrain (hindbrain-tectal
projections)22,23. In nine additional tecta (7 tecta at stage 49/50 and 2
at stage 47), we removed input from the mechanosensory systems by
cutting the connection between the tectum and the hindbrain, while
the visual system was intact. This manipulation had only a small
impact on event frequency, but no significant effect on event
magnitude (Fig. 5E–G). In 11 additional tecta (9 tecta at stage 49/
50 and 2 at stage 47), we removed input from both visual and
mechanosensory systems by enucleating the contralateral eye and
cutting the hindbrain-tectal connection. The manipulations drasti-
cally and significantly reduced the event frequency and magnitude of
the spontaneous activity (Fig. 5I–K): spontaneous activity was
persisted in nine tecta but was completely abolished in two others.
These results suggest not only that there is some intrinsic (self-
generating) spontaneous activity within the tectum, but also that
input from either sensory system is sufficient to maintain intrinsic
spontaneous activity.

The manipulation experiments also tested whether rhythmic
activity in an intact condition (Fig. 1C, E) is self-generated. Here,
we computed the CV of IEIs before and after the manipulations.
Removing input from either the visual or mechanosensory system
alone did not alter the CV of IEIs (Fig. 5D, H). However, removing
input from both systems significantly increased CVs of IEIs of spon-
taneous activity for the nine tecta in which spontaneous events were
not abolished (Fig. 5L), indicating less rhythmic patterns. These

Figure 2 | Experience-dependent synchrony in spontaneous Ca21 events
between neurons. (A–C) Examples from two tecta at stage 48 that varied in

spontaneous Ca21 event synchrony (left column: control light/dark; right

column: dark-reared). (A) Raster plots of spontaneous Ca21 events in

single neurons and the neuropil (Np) illustrated by black and red dots,

respectively. (B) Example traces of 13 single neurons and the neuropil

shown in (A). (C) Matrix of maximum correlation coefficient (MCC)

values for all cell pairs (including the neuropil) in cross correlation

functions (CCFs). Insets: Examples of CCFs. Peak is MCC. A dashed line is

99% confidence threshold of CCFs. Time scale is between 2100 s and

100 s. Medians of MCC values: 0.41 (left), 0.71 (right). (D) Comparisons

of MCC values under different rearing conditions and at different stages.

Box plots illustrate medians (thick horizontal lines), quartiles (box

heights), 10th and 90th percentiles (error bars), and the outliers (circles).

Statistical comparisons were performed by a resampling test. Pair numbers

are illustrated below each distribution (bottom left). For multiple

comparisons (right), p values were adjusted by Bonferroni correction.

*: p,0.05, ***: p,0.001, ****: p,0.0001.
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results strongly suggest that first, the rhythmic patterns of synchron-
ous spontaneous activity are not self-generated within the tectum;
and second, input from visual or mechanosensory systems is suf-
ficient to produce these rhythmic patterns.

Local non-neuronal interactions contrast global neuronal
synchronization. Our finding of highly synchronized spontaneous
activity by tectal neurons is novel. We next addressed whether the
same type of synchronization exists for other cells in the tectum. In
the ventricular layer, there are radial glial cells (neural progenitor
cells), immature neurons, and epithelial cells (Fig. 6A)24,25. For four
tecta at stage 49/50 (three reared in light/dark and one in dark), we
were able to stain both non-neuronal cells and tectal neurons with
OGB1-AM (Fig. 6A). Figure 6B illustrates the occurrence of
spontaneous Ca21 events in 62 tectal neurons (gray), neuropil
(red) and 61 non-neuronal cells (black and blue; two colors are
used later to illustrate different sampling populations) from a
single tectum. In contrast to the global neuronal synchronization
(gray dots, also see Fig. 2A), there was no such indication for the
spontaneous Ca21 events in non-neuronal cells (black and blue dots).
Furthermore, the events in non-neuronal cells often lasted on the

order of a minute, much longer than the event duration observed in
neurons.

We computed CCFs in the neurons (including the neuropil) and
the non-neuronal cells separately (Fig. 6C). Within the same tecta,
neuronal pairs had higher MCC values than non-neuronal pairs
(medians, 0.56 for 6742 neuron pairs vs. 0.40 for 2723 non-neuronal
pairs in the four same tecta, p,0.0001, resampling test, see Methods).
Thus, we did not find the same type of global synchronous activity in
non-neuronal cells. However, some traces suggest that there may be
more local synchronization in non-neuronal cells. For the Ca21

traces illustrated in Figure 6D (2 neurons, the neuropil, and 12
non-neuronal cells), neurons (gray) and neuropil (red) were typically
similar to each other, but there may be groups of similar clustering
activity in non-neuronal cells (black and blue). Although non-neur-
onal cell traces from different topographic locations (non-neuronal
cells 1, 11, 21, 31, and 41) were dissimilar, non-neuronal cells (blue)
from a similar region (filled blue circles in Fig. 6A) had similar or
complementary trace shapes. Thus, we analyzed the relative timing
of the interactions between non-neuronal cells 55–61 (correspond-
ing to a local clustering in the bottom right corner of Fig. 6C bottom)
to assess local interactions (Fig. 6E). Based on CCFs, Figure 6E illus-
trates a schematic interaction chart. When two non-neuronal cells
had a peak at 0 s time lag in CCFs, they likely shared a common input
source (e.g., 61560). When they had two equal peaks on both pos-
itive and negative time lags, they most likely had a reciprocal inter-
action (e.g., 58«61) When they had a larger peak at either a positive
or negative time lag, they had a dominant interaction (e.g., 59r55,
56R55). We considered peaks occurring within 50 s lag (see
Methods). Within a local cluster, all seven non-neuronal cells had
either a common input, reciprocal, or dominant interaction. These
results suggest complex local interactions between non-neuronal
cells in contrast to the simple global synchronization between neu-
rons in the developing optic tectum.

Discussion
Spatio-temporal patterns of synchronously active cells are critical to
many aspects of neural processing26–29 including the development of
topographic neural circuits1,2. Our study examined such circuitry in
the Xenopus optic tectum. To understand the development of neural
circuits in the intact animal, we employed in vivo two-photon Ca21

imaging to simultaneously monitor the spatio-temporal patterns of

Figure 4 | Neural transmission efficacy from the input (the neuropil) to
the outpur (somata) layer is computed by mean maximum correlation
coefficient (MCC) between the neuropil and cells. Within-stage

comparisons between two rearing conditions were performed by unpaired

t-tests (left column). Between-stage comparisons after pooling the two

rearing conditions were performed by Fisher’s protected least significant

difference test (right column). Error bars are S.E.M. No significant

difference suggests efficient neural transmission regardless of rearing

conditions and developmental stages. Sample size at each stage in the two

different rearing conditions is noted (left panel).

Figure 3 | Synchronized spontaneous activity between neurons. Ca21 imaging was made by a faster frame speed (20 fps). (A) Ca21 traces in seven

neurons and the neuropil (Np). Gray lines are raw traces. Black and red lines are running average traces for illustration. (B) Maximum correlation

coefficient (MCC) values for all pairs in cross correlation functions (CCFs) in a matrix. Cells are approximately aligned based on the distance along

one direction. Inserts: Examples of CCFs for two pairs. Horizontal dashed lines illustrate the 99% of confidence threshold. A vertical dashed line is at

a 0 s time lag.

www.nature.com/scientificreports
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activity of many individual cells. The current study produced three
main findings. First, we report the novel finding of global, highly
synchronous spontaneous Ca21 activity, which we refer to as hyper-
synchronous activity, in in vivo tectal preparations. We analyzed this
spontaneous activity in the input and output layers by assessing
activity in the neuropil (ascending axons and tectal dendrites; input)
and in the tectal somata (output), respectively. Based on the results,
we found that although spontaneous activity in the input layer
depended on stage but not visual experience, synchronous activity
in the output layer depended on both developmental stage and visual
experience. Second, we found that while the spontaneous activity is
generated intrinsically, the rhythmic patterns result from inputs
from retinotectal (visual system) and hindbrain-tectal (mechanosen-
sory system) projections. However, we can not rule out the possibility
of contribution from other sources such as the forebrain30 and/or the
other tectum31. However, these structures are less likely the sources pro-
viding strong patterned spontaneous input because their anatomical

connections are smaller32. Third, in sharp contrast to the global
hyper-synchronous spontaneous activity between neurons, we found
local interactions in spontaneous activity between non-neuronal cells.

An important question is what membrane and spiking properties
underlie our spontaneous Ca21 events. There is strong correlation
between Ca21 events and the number of spikes17,33,34. Thus, we pro-
pose that we most likely assayed bursts of spikes as evidenced by the
longer time constant of the Ca21 events (,5 s)7,15. Alternatively, our
spontaneous Ca21 events might be spontaneous synaptic barrages
observed in in vitro preparations35. Despite the similar occurrence
frequency (2.5–4.0/min for spontaneous Ca21 events vs. 2.1/min for
spontaneous synaptic barrages), however, this is less likely a candid-
ate because spontaneous synaptic barrages occur largely in later
developmental stages. In contrast, we observed spontaneous Ca21

events in all stages of our in vivo preparations.
With regard to our first finding, what may account for spontan-

eous Ca21 events in the input layer depending on the developmental

Figure 5 | Manipulation of input to the optic tectum. (A–D) Effect of enucleating the contralateral eye on spontaneous activity. Spontaneous Ca21 events

were assessed in a large area including the cell body layer and the neuropil. (A) Two examples of spontaneous Ca21 events before (left) and after

enucleation (right). (B–D) Event frequency, magnitude, and CV of IEIs of spontaneous activity before and after the enucleation. Data are normalized to

the values before the manipulation. Comparisons were performed by paired t-tests in 10 tecta. (E–H) Effect of cutting the connection from the hindbrain

to the tectum. (E) Two examples of spontaneous Ca21 events before (left) and after cutting the connection between the tectum and the hindbrain (right).

(F–H) Event frequency, magnitude, and CVs of IEIs of spontaneous activity before and after cutting the connection. *: p,0.05. (I–L) Effect of enucleating

the contralateral eye and cutting the connection from the hindbrain to the tectum. (I) Two examples of spontaneous Ca21 events before (left) and after the

paired manipulations (right). (J–L) Event frequency, magnitude, and CVs of IEIs of spontaneous activity before and after the paired manipulations.

***: p,0.001. In (L), two cases that lost spontaneous activity after the manipulations were not included. Error bars are S.E.M. Colors in (A, E, and I)

correspond to the same tecta in (B–D, F–H, and J–L). HB: hindbrain.

www.nature.com/scientificreports
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stage but not on visual experience? One explanation might be in
methodology. Whereas short term visual experience enhances tectal
dendrite growth18, the long term visual experience used in the current
study may not have a distinctive effect. Alternatively, it is more likely
that spontaneous Ca21 events in the input layer may derive mainly
from ascending axons, not tectal dendrites17,36. In a previous study
that used genetically encoded Ca21 sensor, the retinotectal axons in
the developing tectum clearly showed spontaneous Ca21 events
between stimulus-evoked activities (movie S2 in supplemental
information of Ref. 36). In contrast to the events in the input layer,

synchronous spontaneous Ca21 events in the output layer depended
on both stage and visual experience. Because Ca21 traces of spontan-
eous activity in the neuropil (input) and somata (output) were quite
similar (Fig. 2B, 3, 6D) and tightly correlated (Fig. 4), the different
influence of visual experience between input and output layers impli-
cates recurrent activity within the tectum. In the current study, visual
experience enhanced synchronous spontaneous Ca21 events at stage
45/46 and 49/50 (Fig. 2D) with the interesting exception at stage 47/
48, when the situation was reversed. Higher synchronous activity
(e.g., higher MCC values) at stage 45/46 and 49/50 is presumably

Figure 6 | Contrast between local non-neuronal and global neuronal synchronization. (A) ROIs of neurons (yellow circles), non-neuronal cells

(blue circles) and neuropil (red dashed line) on average of three movie frames. Yellow dashed circles illustrate ROIs of neurons without spontaneous

activity. Blue filled circles represent seven non-neuronal cells used in (B, D, and E). (B) Raster plot of spontaneous Ca21 events of 62 neurons (gray), the

neuropil (red), and 61 non-neuronal cells (black and blue). Note the global structure of spontaneous Ca21 events in neurons and the neuropil and

lack of that in non-neuronal cells. (C) MCC values of CCFs for all pairs of single neurons and the neuropil (top) and non-neuronal cells (bottom).

Medians of MCC values: 0.48 for neurons and neuropil, 0.44 for non-neuronal cells. (D) Spontaneous Ca21 traces of two neurons (gray), the neuropil

(Np) (red), and 12 non-neuronal cells (black and blue). Spontaneous Ca21 traces (blue) in seven non-neuronal cells were analyzed for local interactions.

(E) Assessing local interactions among seven non-neuronal cells were performed by CCF analysis. Insets illustrate seven CCFs to show complex

interactions.
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mediated by tight synaptic coupling via neural connections that is
enhanced by sensory experience19. However, higher synchronous
activity is also caused by the reduction of GABAergic functions37,38.
In the tectum, both developmental stage and visual experience influ-
ence the GABAergic function and expression. GABAergic synaptic
conductance decreases from stage 43/44 to 47/4839, and GABA
expression is decreased by short term dark exposure at stage 4740.
Stage 47/48 is a transitional period when the amount of excitability
(thus, inhibitory to excitatory ratio) varies considerably35. Taken
together, reduction of GABAergic functions in the dark-reared tecta
might have reversed the experience effect, enhancing synchronous
spontaneous activity at stage 47/48. In spite of this explanation, it is
still not clear why, in the control rearing, neurons at stage 47/48 had
lower synchronous spontaneous Ca21 events than those at other
stages.

In a recent study, Xu et al. (2011) combined in vitro Ca21 imaging
with a fast frame speed (125 fps) and deconvolution techniques,
which enabled extrapolation of spike firing rate41. With regard to
spontaneous activity, their results showed two important differences
from ours. First, in vitro preparations showed that spontaneous
activity did not depend on visual experience (note that their in vivo
preparations did, however, show experience-dependent visual stimu-
lus-evoked activity). Second, with respect to synchronous spontan-
eous activity, they reported much lower correlation coefficient values
(, 0.1) than we did here (,0.5). These differences between Xu et al.
(2011) and our study can be explained by the fact that they extra-
polated spike firing rate, and we most likely assayed bursts of spikes,
as discussed above; whereas spontaneous spikes occur more fre-
quently (every 200–500 ms) with seemingly random forms in the
tectum35, spontaneous Ca21 events in our study occurred less fre-
quently (every 15–20 s) with more structured rhythmic patterns.
Additionally, their use of the in vitro preparations potentially
removed input from multisensory systems to the tectum, which we
have determined here to be critical to the characteristics of spontan-
eous activity. Therefore, we believe that the two different studies
measured different phenomena.

Our manipulation results shed light on the importance of multi-
sensory integration for spontaneous activity in the developing brain.
Rhythmic spontaneous Ca21 events reported here exhibit some char-
acteristics typical of rhythmic bursting found in a number of other
developing brain circuits14. IEIs in the rhythmic activity vary from a
few sec to . 1 min, which is in a good agreement with our results
(15–20 s). In those other systems, intrinsic neural circuits generate
rhythmic patterns of spontaneous bursting activity14. Our manipula-
tion experiments, however, suggest that either input from retinal-
ganglion or hindbrain-tectal projections generates the rhythmic
spontaneous patterns. A recent study that employed in vivo two-
photon Ca21 imaging techniques in the mouse visual system has
reported that retinal waves before eye opening control spontaneous
activity patterns in both the superior colliculus (a mammalian homo-
logue of the optic tectum) and the primary visual cortex42.
Elimination of retinal activity completely abolishes spontaneous
activity in the superior colliculus. Thus, the mammalian visual sys-
tem may have developmentally different circuit formation from the
Xenopus visual (or multisensory) system, although our experiments
were done after establishment of functional vision. In Xenopus tad-
poles, the retina by itself does not produce synchronized spontan-
eous bursting activity43. Development of tectal circuitry, thus, is
important for the generation of spontaneous busting activity.
However, retinotectal (visual) and hindbrain-tectal (mechanosen-
sory) input proceeds in a complex set of steps. Visual and mechano-
sensory axons reach and intermingle in the tectum as early as at stage
39/4022,23. By stage 48, however, they have more precise topographic
organization by which visual and mechanosensory axons are distrib-
uted in the neuropil corresponding to the distal and proximal areas of
tectal dendrites, respectively. At this stage, frequency and magnitude

of spontaneous Ca21 events in the neuropil are the highest (Fig. 1).
The detailed synaptic maturation and innervations, however, are
different between visual and mechanosensory input to the tectum.
In the excitatory synapse, the AMPA/NMDA receptor ratio in the
visual tectal neurons increases from stage 40 to 48/4944, while that in
the mechanosensory tectal neurons decreases from stage 44–46 to
48/4922. Taken together, these data are still insufficient to understand
the neural mechanisms of the generation and enhancement of spon-
taneous activity by either input.

In the future, it is important to study how global hyper-synchron-
ous spontaneous activity is related to topographic organization of
physiological properties of tectal neurons33 and, as a model for multi-
sensory development, how topographic projections of retinotectal
and hindbrain-tectal systems integrate to enhance spontaneous
activity. Our study is a first step toward understanding development
of topographic organization related to spontaneous activity in the
optic tectum.

Methods
Animal preparations. All experimental protocols were approved by LSUHSC-NO
Institutional Animals Care and Use Committee in accordance with federal guidelines.
Embryonic albino tadpoles of Xenopus laevis were purchased (Xenopus Express,
Brooksville, FL), and raised to an appropriate stage45 in 10% Steinberg’s solution
(100% Steinberg’s solution: 58.2 mM NaCl, 0.67 mM KCl, 0.34 mM Ca(NO3)2,
0.78 mM MgSO4, 10 mM HEPES, pH 7.4) in an aquarium (12 cm 3 18 cm 3

14 cm) in a 12 hours light/dark cycle. For dark-reared experiments, tadpoles were
kept in the dark from stage 41/42 until the day of experiments (2–3 days for stage 45/
46, 3–7 days for stage 47/48, and 10–14 days for stage 49/50). The rearing solution
was changed (3–4 times/week) under red light. Tadpoles were anesthetized with
0.02% MS-222 (Sigma-Aldrich, St Louis, MO) in saline: 115 mM NaCl, 2 mM KCl,
2.5 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM glycine, 10 mM HEPES
(pH 7.3)34, 252 mOsm and secured by three insect pins on a Sylgard dish. Skin over
the midbrain was removed. During the surgery, tadpoles for both the control and
dark-reared groups were exposed to white light for a few min.

Calcium indicator loading. Cell-permeant intracellular calcium indicator (0.8 mM
OGB1-AM, 2% Pluronic acid, 10% DMSO, 40 mM Alexa Fluor 594, all from
Invitrogen (Carlsbad, CA)) was prepared in Ca21 free saline, and filtered by a 0.22 mm
centrifugal filter tube (Millipore, Billerica, MA). Using a glass pipette (tip diameter of
,5 mm) advanced into the optic tectum, the OGB1-AM solution was pressure-
injected into the tectum (Picospritzer II, Parker Hannifin, Cleveland, OH) at 5–20 psi
multiple times over several min (1–2 s/injection)46. The injections were monitored by
two-photon microscope (see below) with a 610 nm emission filter (HQ610/75m-2p,
Chroma Technology, Bellows Falls, VT). Subsequently, tadpoles were incubated in
the fresh oxygen-saturated saline under dim light condition for 1 hr and recovered
from the anesthesia at room temperature33. To immobilize the brain and body
movement, tadpoles were immersed in 10 mM d-tubocurarine (Sigma-Aldrich) for
2–3 min, washed by the oxygen-saturated saline, and embedded in 1.4% low-melting
point agarose (Sigma-Aldrich) prepared in saline47. During the Ca21 imaging, the
oxygen-saturated saline was continuously perfused. All experiments were performed
at room temperature. During preliminary experiments, we performed similar
experiments without 10 mM d-tubocurarine and 1.4% agarose, and obtained the
same global synchronous spontaneous activity.

In vivo two-photon Ca21 imaging. The custom-made imaging chamber was
attached to an Olympus FV 300 two-photon microscope (Olympus, Tokyo, Japan)
and titanium: sapphire laser (Chameleon Ultra-II, Coherent, Santa Clara, CA).
Neuronal and ‘‘non-neuronal’’ activity was monitored at 40–150 mm depth using a
water immersion objective lens (Olympus XLUMPlanF1, 20x, 0.95 NA) at 820 nm
wavelength with a 540 nm emission filter (HQ540/40m-2p, Chroma Technology)
and detected with a photomultiplier tube (Hamamatsu Photonics, Hamamatsu,
Japan). Imaging data were acquired by Fluoview FV300 software (Olympus). For
single-cell resolution imaging, a zoom factor of 3-43 was used at a resolution of 800
3 600 pixels. Each frame was scanned at a 1.67 s speed (0.6 fps). For faster scanning
(10–100 fps), the frame size was adjusted (512 3 12-92 pixels). Each imaging session
at 0.6 fps lasted for 6–8 min (a standard session was made for 7 min 15 s with
260 frames). The faster imaging sessions lasted for 1 min 30 s to 3 min 20 s. Longer
imaging sessions were discarded because of z-drift.

Manipulation of spontaneous input from sensory systems. To investigate the
source of spontaneous activity in the optic tectum, we eliminated input from the
visual and/or mechanosensory system by enucleating a contralateral eye and/or
cutting the connection between the optic tectum and the hindbrain, respectively. A
30G needle was inserted into the contralateral eye socket and smoothly removed an
eye and/or was deeply inserted and moved along the posterior edge of the ipsilateral
optic tectum (same side as imaged). When the manipulations caused edema in the
tectum, the data were discarded.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 1552 | DOI: 10.1038/srep01552 7



Data analysis. Imaging data were aligned using Turboreg48. The imaging data with z-
drift were discarded. Due to the densely packed cell bodies, ROIs were manually and
conservatively selected using Image J (National Institutes of Health). Fluorescence
intensity changes were computed as DF/F, in which DF is the difference between the
average intensity of ROI and the baseline intensity at each frame and F is the average
intensity of ROI across all frames after the baseline subtraction. The baseline was
computed by a third-order nonparametric, local regression fit49. The vicinity of
weighting was determined empirically (typically 0.2–0.4). Fluorescent change that
occurred above 1 SD was deemed a Ca21 event. For imaging data of non-neuronal
cells, the same procedures were used without a baseline correction. For manipulation
experiments, a 2 SD criterion was conservatively used. However, the normalized
results with a 2 SD criterion before and after the manipulations had a similar trend to
those with a 1 SD criterion. Cross correlation analysis of Ca21 events between pairs of
cells was performed by MATLAB (MathWorks, Natick, MA). The significance of the
largest peak of each CCF (termed maximum correlation coefficient, MCC, in Fig. 2)
was determined by a 99% confidence threshold. This threshold was defined by fitting
a t-distribution to the correlation coefficient values at lags longer than 50 s and
finding the upper 99% confidence cutoff point, adjusted for multiple comparisons by
a Bonferroni correction. For the normal imaging data sets (0.6 fps), a 1 s bin
resolution was used. For the faster imaging data sets (10–100 fps), bin resolution was
the same as the imaging speeds. Results were considered when CCFs had a peak
within a 6 50 s time lag. For a statistical comparison of median MCC values
(e.g., Fig. 2D), a resampling test was performed because single somata are involved in
multiple MCC values and, thus, MCC values from MCC matrices (e.g., Fig. 2C) are
not independent. To address this issue, we randomly selected MCC values from each
MCC matrix such that the neuropil and each soma were involved in at most one MCC
value, thus creating an independently sampled subset of MCC values. We used these
independent samples to test the null hypothesis that there was no difference in the
median MCC values between two groups. We performed this test by comparing the
difference in medians between the two independent samples with the difference in
medians obtained if we shuffled the samples between the two groups. We performed
this sampling and testing procedure 10,000 times for each resampling test. All other
statistical analyses were performed using StatView (SAS Institute, Cary, NC).
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