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Xenopus optic tectum receives and integrates visual and nonvisual
sensory information. Nonvisual inputs include mechanosensory inputs
from the lateral line, auditory, somatosensory, and vestibular systems.
While much is known about the development of visual inputs in this
species, almost nothing is known about the development of mech-
anosensory inputs to the tectum. In this study, we investigated mech-
anosensory inputs to the tectum during critical developmental stages
(stages 42—-49) in which the retinotectal map is being established.
Tract-tracing studies using lipophilic dyes revealed a large projection
between the hindbrain and the tectum as early as stage 42; this
projection carries information from the Vth, VIIth, and VIIIth nerves.
By directly stimulating hindbrain and visual inputs using an isolated
whole-brain preparation, we found that all tectal cells studied received
both visual and hindbrain input during these early developmental
stages. Pharmacological data indicated that the hindbrain-tectal pro-
jection is glutamatergic and that there are no direct inhibitory hind-
brain-tectal ascending projections. We found that unlike visual inputs,
hindbrain inputs do not show a decrease in paired-pulse facilitation
over this developmental period. Interestingly, over this developmental
period, hindbrain inputs show a transient increase followed by
a significant decrease in the a-amino-3-hydroxyl-5-methyl-4-
isoxazolepropionate (AMPA)/N-methyl-p-aspartate (NMDA) ratio
and show no change in quantal size, both in contrast to visual inputs.
Our data support a model by which fibers are added to the hindbrain-
tectal projection across development. Nascent fibers form new syn-
apses with tectal neurons and primarily activate NMDA receptors. At
a time when retinal ganglion cells and their tectal synapses mature,
hindbrain-tectal synapses are still undergoing a period of rapid syn-
aptogenesis. This study supports the idea that immature tectal cells
receive converging visual and mechanosensory information and indi-
cates that the Xenopus tectum might be an ideal preparation to study
the early development of potential multisensory interactions at the
cellular level.

INTRODUCTION

The optic tectum is a midbrain structure that in amphibians
and other vertebrates is primarily responsible for transforming
visual input into orienting behavior (Ewert 1997; Ingle 1976).
Much like its mammalian homologue, the superior colliculus,
the optic tectum also receives inputs from a variety of different
sensory modalities, including a range of mechanosensory in-
puts carrying somatosensory, auditory, vestibular, and lateral-
line information (Behrend et al. 2006; Lowe 1986, 1987,
Munoz et al. 1995; Vanegas 1984). In the colliculus, conver-
gence between different sensory inputs can lead to multisen-
sory integration, a process important for enhancing detection,
localization, identification, and response to external environ-
mental events (for a review, see Stein et al. 2009). In the
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tectum, however, it is not as well understood how the conver-
gence of the different sensory modalities leads to multisensory
integration nor how these properties emerge during early de-
velopment. Normal development of multisensory properties of
tectal and collicular neurons, at least in some species, is known
to depend on early sensory experience (Knudsen 2002; Wal-
lace and Stein 2007; Wallace et al. 2006); however, the details
of this developmental process are poorly understood at the
cellular level. It is also not clear whether this is a general
principle that applies to all vertebrates. To better understand
these processes in the tectum, it is necessary first to understand
how inputs from different sensory modalities begin to converge
onto tectal neurons during early development.

In Xenopus, as well as in other vertebrates, the dominant
input to the optic tectum is visual and originates from the
contralateral retina, terminating within the superficial layers of
the tectal neuropil (Székely and Lazar 1976). Inputs from the
various mechanosensory modalities, in contrast, terminate
within the deeper layers (Behrend et al. 2006; Lowe 1986,
1987; Munoz et al. 1995). In adult Xenopus, auditory and
lateral-line inputs reach the tectum both via the torus semicir-
cularis, a structure analogous to the mammalian inferior col-
liculus (Will et al. 1985a,b; Zittlau et al. 1988), and from direct
inputs from medullary nuclei in the hindbrain that receive
VIIIth (dorsal medullary nucleus) and lateral-line (lateral line
nucleus) nerve inputs (Lowe 1986; Will et al. 1985a,b). So-
matosensory inputs also innervate the deeper layers of the frog
tectum (Munoz et al. 1995; Tsurudome et al. 2005). One route
is via ascending inputs from the dorsal column nucleus in the
hindbrain that receives inputs from various primary somato-
sensory ganglia including the trigeminal ganglion (Munoz et
al. 1995; Tsurudome et al. 2005). Trigeminal inputs also reach
the tectum via mesencephalic trigeminal cells (Hiscock and
Straznicky 1982; Lowe and Russell 1984).

While many of these ascending sensory pathways are
present in adult Xenopus and during late larval stages (Nieu-
wkoop-Faber stages 56—60) (Chahoud et al. 1996), there is
evidence that they may arise much earlier (Hiramoto and Cline
2008; Pratt and Aizenman 2009). Also it is not clear at which
point in development they begin to make functional synapses
onto tectal neurons. Although the early functional and anatom-
ical development of visual inputs to the tectum has been well
characterized (Aizenman and Cline 2007; Akerman and Cline
2006; Dong et al. 2009; Pratt and Aizenman 2007; Ruthazer et
al. 2003; Tao and Poo 2005; Wu et al. 1996; Zou and Cline
1999), much less is known about the development of nonvisual
modalities that project to the tectum. Visual inputs begin to
innervate the tectum around developmental stage 39 and func-
tional synapses can be recorded around stage 41 (Holt 1989;
Zhang et al. 1998). Between stages 42 and 49, the visual
projection undergoes dramatic activity-dependent anatomical
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and electrophysiological changes as the retinotectal map be-
comes refined (Akerman and Cline 2006; Cline et al. 1997,
Dong et al. 2009; Pratt and Aizenman 2007; Pratt et al. 2008;
Tao and Poo 2005). During this time, anatomical studies
indicate that mechanosensory inputs from the Vth and VIIIth
nerves also project to the tectum via primary sensory nuclei in
the hindbrain (Tsurudome et al. 2005). Electrophysiological
recordings also show that somatosensory inputs originating
from the mouth area can be recorded from stage 49 tectal
neurons (Pratt and Aizenman 2009). This suggests that some
mechanosensory modalities may begin to innervate the tectum
almost as early as visual inputs do, but the details are yet to be
elucidated. Typically, multisensory neurons in the tectum and
superior colliculus in various species are found in deeper
layers; however, during early Xenopus tadpole development
(stages 42—49), cells from the various tectal layers have not yet
fully differentiated (Lazar 1973); therefore it is also unclear
whether the organization of multisensory neurons in the young
tadpole will differ significantly from that in adults.

To begin to address these questions, in this study, we
describe for the first time the functional development of mech-
anosensory synapses to the optic tectum during a time period in
which the retinotectal map is being established and refined. We
have developed a preparation in which we can independently
activate visual and mechanosensory inputs to the optic tectum
by directly stimulating, respectively, the optic chiasm and a
combination of primary sensory nuclei in the hindbrain in an
isolated tadpole brain. Here, we characterize the hindbrain-
tectal projection between a range of developmental stages
(stages 42—49) during which the retinotectal map is being
established and refined. We describe the synaptic properties of
mechanosensory inputs to tectal cells and elucidate develop-
mental differences between projections carrying visual and
nonvisual information. Our study shows that multisensory
integration is present very early on in development, and estab-
lishes the Xenopus tadpole as a useful model system by which
to study the role of experience in the development of multi-
sensory convergence.

METHODS
Dye injection and imaging

All experiments were conducted in accordance with Institutional
Animal Care and Use Committee (IACUC) guidelines. Xenopus laevis
tadpoles were reared in 10% Steinberg’s solution under 12-h light/
dark cycles at 21°C. Animals were staged according to Nieuwkoop
and Faber (1956). Under our rearing conditions, animals reached stage
42-43 ~7-9 days post fertilization (dpf), stage 44—46 by 9-12 dpf,
and stage 48—49 at 17-20 dpf. Animals were anesthetized in 0.01%
tricaine methanesulfonate MS-222 (Sigma) dissolved in Steinberg’s
solution, then fixed for a minimum of 24 h in 4% paraformaldehyde
in phosphate buffer, ph 7.4 at 4°C. Fine glass micropipettes were filled
with solutions of 2% 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindodicar-
bocyanine perchlorate (DiD, Molecular Probes) in ethanol and in-
jected intraocularly using a Pressure System Ile (Toohey) pressure
injector to completely fill the contralateral eye. Micropipettes contain-
ing 0.2% 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine per-
chlorate (Dil, Molecular Probes) in ethanol were injected into the
contralateral trigeminal ganglion, the VIIth and VIIIth nerve bundle,
or the hindbrain region to release a small amount of dye. Tadpoles
were incubated at room temperature for 4 days for dye transport. This
was sufficient time for the dye to fully reach the fiber terminals.
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Confocal z-series (12-bit data) of the labeled projections were col-
lected using a Zeiss LSM-510 confocal microscope with a X10 or
X20 objective. To generate the fluorescence maps in Fig. 2, a region
of interest (ROI) in the tectal neuropil was selected that encompassed
the terminal areas of both projections (Fig. 24). The ROI was aligned
along the rostrocaudal axis. At each optical slice, the fluorescence
value for each fluorescence channel was averaged across the ROI and
displayed as a single trace. Thus each trace represents the average
fluorescence across the rostrocaudal axis at different depths, starting
from dorsal (top) and going to ventral (bottom). This allows us to
display the fluorescence value at different depths for both projections
separately. To display total overlap in the rostrocaudal axis (Fig. 2D),
all fluorescence traces from all z-values were averaged and normal-
ized. Using this technique only tells us the degree to which hindbrain
and visual inputs overlap in a given region along the rostrocaudal axis
but does not imply that the inputs occupy the same region of three
dimensional space as they may be in different layers, as indicated in
the fluorescence maps described above. Image analysis was performed
using Image-J software. All conditions were done, at minimum, in
triplicate to confirm that the data were representative.

Whole cell electrophysiology

The whole-brain preparation used in these experiments was pre-
pared as previously described (Pratt and Aizenman 2007; Wu et al.
1996). Briefly, tadpoles were anesthetized in 0.01% MS-222. To
expose the ventral surface of the tectum, the brains were filleted along
the dorsal midline and dissected out of the animal in HEPES-buffered
extracellular saline (containing, in mM: 115 NaCl, 4 KCl, 3 CaCl,, 0.5
MgCl,, 5 HEPES, 10 glucose, 0.1 picrotoxin, pH 7.2, 255 mosM).
The whole-brain preparation was pinned to a submerged silicone
elastomer (Sylgard, Dow Corning, Midland, MI) block in a custom-
made recording chamber. The ventricular membrane overlying the
tectal cells was carefully removed with a broken glass micropipette.
Individual tectal cells were resolved using a Nikon E600 FN light
microscope (Tokyo) with a X60 fluorescent water-immersion objec-
tive and a Hamamatsu (Hamamatsu City, Japan) infrared (IR) CCD
camera. Recordings were made at ambient room temperature (20—
22°C).

Synaptic responses were evoked using bipolar stimulating elec-
trodes (FHC, No. CE2C7S) placed in the optic chiasm and/or the
contralateral hindbrain. A 0.2-ms shock was administered at varying
stimulus intensities to elicit a tectal response. With the exception of
graded stimulation experiments, stimulus intensity was set so as to
evoke a monosynaptic tectal cell response with minimal confounding
polysynaptic activity. A minimum of 10 trials was averaged for each
given stimulus intensity in a specific experiment. Tectal responses
were recorded in whole cell voltage-clamp mode using glass micropi-
pettes (8—12 MQ)) filled with potassium gluconate—based intracellular
saline (containing, in mM: 100 potassium gluconate, 8§ KCl, 5 NaCl,
1.5 MgCl,, 20 HEPES, 10 EGTA, 2 ATP and 0.3 GTP, pH 7.2, 255
mosM). For Sr** experiments, 3 mM Sr** was substituted for
external Ca®". Unless otherwise stated, all experiments were per-
formed in the presence of 1 mM picrotoxin (PTX). All chemicals were
obtained from Sigma-Aldrich. To eliminate variations in tectal neuron
maturity due to the developmental gradient (Wu et al. 1996), record-
ings were performed on neurons in the middle third of the tectum
(Akerman and Cline 2006; Pratt and Aizenman 2007). Signals were
measured with a Multiclamp 700B amplifier (Axon Instruments),
digitized at 10 kHz using a Digidata 1322A A-D board and acquired
using P-Clamp 9 software. Membrane potential in the figures was not
adjusted to compensate for the predicted 12 mV liquid junction
potential. After (Clements and Bekkers 1997), spontaneous, and
evoked synaptic events were collected and quantified through the use
of a variable amplitude template, which was determined for every
experiment from averaged events. The templates detected events with
a minimum of 10-ms separation between peaks and were therefore
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stringent enough to exclude overlapping events. AxographX software
(Axon Instruments) was used to analyze data. InStat by GraphPad
Software was used to calculate statistics. Unless otherwise specified,
all statistics are nonparametric. To test differences in paired-pulse and
AMPA/N-methyl-p-aspartate (NMDA) ratios, and in asynchronous
excitatory postsynaptic potential (aEPSC) amplitude across develop-
ment we used a Kruskal-Wallis test with a Dunn’s multiple compar-
isons posttest. To test for differences between hindbrain and visual
aEPSC amplitudes within a given stage, we used a Wilcoxon
matched-pairs test. All error bars are SE.

Pharmacology

NMDA receptors were blocked with 50 uM D-(—)-2-amino-5-
phosphonopentanoic acid (p-APS), a competitive NMDA receptor
antagonist. The a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid (AMPA) receptors were blocked with 20 uM of the competitive
antagonist  2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-
7-sulfonamide (NBQX). Both D-AP5 and NBQX were obtained from
Tocris Bioscience. To assess the nature of inhibitory projections to the
tectum, we blocked AMPA and NMDA receptors (AMPARs and
NMDARs) as described in the preceding text and stimulated the
hindbrain in the absence of PTX. These evoked inhibitory currents
were measured at +5 mV from individual tectal neurons.

Data analysis

Paired-pulse facilitation (PPF), AMPA/NMDA ratios, and re-
sponses to graded stimulation were all measured using the normal
intracellular solution described in the preceding text. To measure
quantal sizes, 3 mM Sr** was substituted for external Ca®*. For all
tests of synaptic development, stimulus intensities ranged between
0.01 and 0.5 mA. Paired-pulse responses were elicited at —60 mV
with an interstimulus interval (ISI) of 100 ms. A minimum of 10 trials
was averaged for each cell. The amount of facilitation for each cell
was determined by calculating the peak AMPA amplitude ratio of
response 2/response 1 (after Akerman and Cline 2006) to stimuli
pairs. The amount of facilitation per stage epoch was determined by
averaging the amount of facilitation for each cell from animals within
that developmental stage range.

The AMPA/NMDA ratios were calculated according to Wu et al.
(1996). Briefly, measured AMPAR-mediated EPSCs recorded at —60
mV were compared with NMDAR-mediated EPSCs recorded at +60
mV. A minimum of 10 trials was recorded at each potential. Stimulus
intensities varied between cells but were sufficient to produce a
reliable, monosynaptic response with minimal confounding polysyn-
aptic activity. Transmission failures were included in the averages. To
calculate the A/N ratio for each cell, the average peak AMPA
response was divided by the averaged NMDAR-mediated response,
which was the averaged amplitude between 20 and 30 ms postre-
sponse onset. At this time window, the AMPA component has
decayed to <10% of the peak value. The A/N ratio for each devel-
opmental epoch was determined by averaging the A/N ratios for each
cell within each of the three stage ranges.

To assess the relative number of fibers composing the hindbrain-
tectal projection, we measured the evoked current in response to a
range of stimulus intensities. Minimum stimulation was defined as the
stimulus intensity that resulted in a transmission failure ~50% of the
time. Maximum stimulation was defined as the stimulus intensity
beyond which the response amplitude will not increase. Minimum and
maximum stimulation intensities were determined for each cell. To
determine the graded nature of hindbrain-tectal responses, each cell
was stimulated at a minimum of three stimulus intensities between the
experimentally determined minimum and maximum starting slightly
below minimum. Normalized response amplitudes were plotted
against normalized stimulus intensities for each cell. Cells were
grouped according to developmental stage.

K. E. DEEG, 1. B. SEARS, AND C. D. AIZENMAN

To determine the quantal size of hindbrain- and retino-tectal inputs,
we substituted 3 mM Sr*" for external Ca®>". To ensure that the
events we measured were due to hindbrain stimulation and not
spontaneous, we excluded traces where the number of events in the
125 ms preceding the stimulus onset was >25% of the events seen in
the first 125 ms poststimulus. Amplitudes of detected events were
averaged across cells and then across stages.

InStat by GraphPad Software was used to calculate statistics. All
statistics are nonparametric. To test differences in paired-pulse and
AMPA/NMDA ratios, and in aEPSC amplitude across development,
we used a Kruskal-Wallis test with a Dunn’s multiple comparisons
posttest. To test for differences between hindbrain and visual aEPSC
amplitdes within a given stage, we used a Wilcoxon matched-pairs
test. All error bars are SE.

RESULTS
Tracing of mechanosensory inputs

While much is known about the development of the retino-
tectal projection (Akerman and Cline 2006; Pratt and Aizen-
man 2007; Tao and Poo 2005)—the primary sensory input to
the tectum—almost nothing is known about the development
of projections that carry nonvisual sensory information to the
tectum. To test whether these nonvisual projections are present
in the tectum during key early developmental stages, we first
performed a series of tract-tracing experiments on stage 49
tadpoles. Mechanosensory information originating from so-
matosensory, lateral line and auditory systems is known to
project to the tectum via their primary sensory nuclei in the
hindbrain. In this study, we traced these pathways antero-
gradely in tadpoles using lipophilic dyes (Dil and/or DiD). We
injected these dyes directly into the trigeminal ganglion (Fig. 1A)
and the more posterior nerve bundle carrying the VII (facial),
VIII (acousticovestibular), and lateral line nerves (Fig. 1B). We
found that these nerve bundles all project ipsilaterally into the
hindbrain. On entering the hindbrain, both projections split,
sending fibers both rostrally and caudally (Fig. 1, A and B). The
terminal arborizations of these projections terminate in areas
corresponding to primary sensory nuclei, but due to the small
size of the tadpole brain, completely separate terminal areas
could not be discerned for the different nerve bundles. In
separate experiments, dye injection into the hindbrain in the
area where the primary afferents terminate shows a substantial
projection to the contralateral tectum. This confirms that direct
inputs projecting from primary mechanosensory nuclei in the
hindbrain to the tectum are present during early development
(Fig. 1, C and D).

To directly compare the development of these mechanosen-
sory pathways in relation to visual input, we injected DiD and
Dil into the eye and the hindbrain, respectively, of other
tadpoles at stages 42, 45, and 49. We chose these developmen-
tal stages because the retinotectal projection has been well
characterized during this time and is known to undergo signif-
icant change, allowing us to make direct comparisons between
what is known about the developing retinotectal projection
with our data concerning the hindbrain-tectal projection. Be-
cause both retinal and mechanosensory inputs are known to be
organized in topographically aligned maps, knowing how
mechanosensory and visual inputs interact during this period
will ultimately be useful for understanding how these maps
become aligned. During stage 42, the retinal afferents are very
immature and begin to make functional synapses within the
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FIG. 1.
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VII/VIlIth

Mechanosensory inputs to the tectum. A: 1,1'-dioctadecyl-3,3,3,3'-tetramethylindocarbocyanine perchlorate (Dil) injection into the trigeminal

ganglion (Vth nerve). After entering the hindbrain the projection terminates rostrally and caudally in the ipsilateral hindbrain. B: Dil injection into the posterior
nerve bundle carrying the facial (VIIth), acoustico-vestibular (VIIIth), and lateral-line nerves, reveals that projections also terminate in the rostral and caudal
regions of the ipsilateral hindbrain. C: dye injection into the hindbrain shows a projection from the termini of primary sensory afferents to the contralateral tectum.
D: schematic summarizing the input composing the hindbrain-tectal projection. The Vth, VIIth, and VIIIth nerves terminate on primary sensory nuclei in the
ipsilateral hindbrain. The hindbrain-tectal projection arises from these primary sensory nuclei and travels to the contralateral tectum where it makes synapses with
individual tectal neurons that also receive direct visual input from the retina. ON, optic nerve; Th, thalamus; Tec, tectum; HB, hindbrain; Cb, cerebellum; OC,
otic capsule. *, injection site. All injections were done at least in triplicate. Images are maximal projections of confocal stacks. Orientation of images is the same

as in D.

tectum. Between stage 45 and 49, there is a massive increase in
activity-dependent dendritic growth and synaptogenesis, syn-
aptic maturation, and plasticity of the retinotectal pathway. All
these changes result in refinement of the retinotectal map and
shrinking of visual receptive fields (Akerman and Cline 2006;
Dong et al. 2009; Pratt and Aizenman 2007; Tao and Poo
2005).

We found that the tectum is innervated by both sets of inputs
during all three stages (Fig. 2A). During these stages, the

hindbrain-tectal projection appears to become increasingly
dense, although this is difficult to quantitate due to variability
in dye injection. While the hindbrain and visual projections
terminate in the same region of the tectal neuropil, hindbrain
projection inputs terminate deeper than the visual projection
(Fig. 2, B-D). The adult tectum is layered into multiple
laminae that receive inputs from the various sensory modalities
(Székely and Lazar 1976). In the tadpole, the tectum is com-
posed of only two layers, the neuropil layer, and the cell body
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FIG. 2. Development of convergence of hindbrain and visual inputs to the tectum. A: maximal projection of a confocal z-series for visual (green) and hindbrain
(red) inputs to the tectum at different developmental stages. Each tectal lobe receives a projection from the eye and the hindbrain, which carry visual and
mechanosensory information, respectively. These projections are present at all 3 developmental stages investigated here. —, the tectum outline. - - -, the tectal
neuropil. Black box represents the region of interest used in B—D. Scale bars are 50 wm. B and C: normalized fluorescence values collected across the region
of interest in the tectum indicated in A for the 2 different fluorescence channels representing visual and hindbrain projections. Fluorescence was averaged in the
rostrocaudal axis. Each trace represents the fluorescence profile at a given depth (see METHODS). z-stacks were collected every 7.5 wm in the stage 42 and 44
tecta and at every 4 um in the stage 48 tectum. Notice that the hindbrain projection terminates at a deeper layer than does the visual projection. D: averaged
fluorescence for each channel at all depths across the rostrocaudal axis. This shows that even at stage 42, visual and hindbrain inputs overlap in the rostrocaudal
direction in the tectum. Images are representative animals from each of the developmental stages. All injections at each stage were done at least in triplicate.

T, tectum.

layer. Dendrites of tectal neurons are known to span the entire
neuropil layer in the ventral to dorsal direction (Lazar 1973;
Wu and Cline 1998, 2003) (Fig. 3, A and B). This suggests that
individual tectal neurons may receive inputs from both visual

and mechanosensory inputs. The observation that hindbrain
inputs terminate deeper (more dorsal) within the tectal neuropil
also suggests that mechanosensory inputs terminate closer to
the tectal cell soma than the visual inputs. Thus as in adult
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FIG. 3. Tectal neurons receive both hind-
brain and visual input. A: maximal projection
of a confocal z-series of a stage 49 tectal
neuron labeled with FITC-dextran. Projec-
tion is superimposed on a single optical

plane of the transmitted light image to show
the relationship of the neuron’s dendritic
arbor relative to the neuropil layer. ---,
border between cell body layer and the neu-
Vent.  ropil. Black box represents the region in
which the fluorescence profiles in B were
measured. B: normalized fluorescence values

collected across the region of interest in the

HB Stim.

HB

animals, the two projections are segregated to different layers
within the tectal neuropil even if the tectal laminae are not fully
differentiated at these early stages (Lazar 1973). Furthermore,
the layering of the sensory projection appears to be present
from the very earliest stages studied.

Taken together, our data are consistent with an interpretation
that the hindbrain-tectal projection is present at very early
stages and thus the structural capability to relay mechanosen-
sory information is present.

Functional development of mechanosensory synapses
in the tectum

While our anatomical data suggest that mechanosensory
inputs innervate the tectum starting from at least stage 42, we
do not know whether these projections—similarly to visual
inputs—make functional synapses during these stages. To
directly activate visual and mechanosensory pathways, we
used an isolated whole-brain preparation (Wu et al. 1996) and
electrically stimulated the optic chiasm and the hindbrain,
while performing whole cell recordings in the contralateral
tectum (Fig. 3C). We found that, at all stages tested, almost all
neurons that received synaptic input from the optic nerve could
also be directly activated by stimulating the hindbrain and vice
versa (Fig. 3D). Due to the small size of the tadpole hindbrain
and the inability to clearly distinguish between different pri-
mary sensory nuclei during these developmental stages, it is

Rostrocaudal distance (um)

D
Visual
_| 10 pA

I I
60 80

tectum indicated in A. Fluorescence was av-
eraged in the rostrocaudal axis. Each trace
represents the fluorescence profile at a given
depth (see METHODS). z-stacks were collected
every 1.6 um. Notice that the dendritic arbor
spans almost all entire neuropil region in the
ventral to dorsal axis and overlaps with the
termination depths of both hindbrain and
visual inputs. C: schematic of stimulation and
recording configuration for electrophysiologi-
cal experiments. Mechanosensory pathways
are activated by electrically stimulating the
hindbrain, while visual inputs are activated
by stimulating the optic nerve at the optic
chiasm. Whole cell voltage-clamp record-
ings were performed from individual tectal
neurons. D: monosynaptic responses could
be evoked by either stimulating the hindbrain
or visual inputs. All cells in which visual
inputs could be evoked also had hindbrain-
evoked responses and vice versa.

10 msec

likely that we are concurrently activating a mix of various
ascending sensory fibers carrying different types of mech-
anosensory modalities. We performed a series of electrophys-
iological tests designed to characterize the development of
mechanosensory input to the tectum during the range of de-
velopmental stages described in the preceding text.

We first characterized the pharmacology of synaptic trans-
mission in this pathway. In general, excitatory synapses in the
developing tectum are glutamatergic. This was confirmed
when we recorded spontaneous excitatory postsynaptic cur-
rents (SEPSCs) in tectal cells and showed that these could be
completely eliminated by AMPA and NMDA receptor antag-
onists NBQX (20 uM) and p-AP5 (50 uM; Fig. 4A; see
METHODS). It is also known that the retinotectal projection is
glutamatergic and that responses are mediated by AMPA- and
NMDA-type glutamate receptors (Wu et al. 1996). We tested
whether this was also true in the hindbrain-tectal projection.
EPSCs in tectal cells were evoked by focally stimulating the
contralateral hindbrain in the presence of PTX, a GABA,R
and GABAR antagonist, to block recurrent inhibition. Evoked
responses, recorded at —60 mV, were completely abolished by
NBQX (20 uM), a competitive AMPA receptor antagonist
(Fig. 4B). To test whether NMDARs were present, we then
stimulated the hindbrain-tectal projection while depolarizing
the membrane potential to —20 mV to remove the Mg”* block
of NMDARs. At this depolarized potential, we observed a slow
inward current consistent with the activation of NMDARs (Fig.
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FIG. 4. Hindbrain-tectal synapses are glutamatergic. A: ex-
citatory postsynaptic currents (SEPSCs) in tectal neurons are
blocked by co-application of the AMPA and N-methyl-D-
aspartate (NMDA) receptor antagonists 2,3-dioxo-6-nitro-
1,2,3 4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX)
and D-(—)-2-amino-5-phosphonopentanoic acid (D-APS5).
B: in the presence of GABA receptor (GABAR) blocker

[10p8
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4B). The current-voltage (/-V) relationship of this synaptic
current further confirmed that it was mediated by NMDARSs
(Fig. 4C). We then tested whether any ascending projections
from the hindbrain to the tectum could be inhibitory. When we
blocked excitatory synapses with p-AP5 and NBQX, we were
unable to detect any synaptic responses at a variety of mem-
brane potentials, indicating the absence of any ascending
inhibitory inputs in this projection (Fig. 4D). Taken together,
these pharmacological data show that, like the retinotectal
projection, the hindbrain-tectal synapses are excitatory and are
mediated by AMPA and NMDA receptors.

PTX, the AMPAR antagonist NBQX blocks the evoked
hindbrain-tectal currents at —60 mV. Depolarization of the
tectal neurons to —20 mV reveals that hindbrain-tectal
currents are also mediated by NMDA receptor (NMDAR).
C: current (/)-voltage (V) relationship at hindbrain-tectal
synapses in the presence of NBQX. [-V curve is voltage-
dependent, consistent with the activation of NMDARs.
D: there are no monosynaptic ascending inhibitory hind-
brain-tectal connections. NBQX and D-AP5 eliminate all
hindbrain-evoked synaptic transmission. Gray trace, control
recording; black trace, in the presence of the drugs. The
tectal neuron was depolarized to +5 mV, a potential at
which inhibitory activity would be present. Stimulation of
the hindbrain in the presence of these blockers reveals the
absence of direct inhibitory hindbrain-tectal synapses.

To functionally characterize the development of the hind-
brain-tectal projection, we measured the paired-pulse (PP) and
AMPA/NMDA (A/N) ratios of developing hindbrain-tectal
synapses. By measuring the amount of paired-pulse facilitation
or depression, we can get an indication of the maturational
state of the presynaptic terminal. Some nascent glutamatergic
synapses have immature vesicle release machinery and often
cannot release all of their neurotransmitter-containing vesicles
in response to a single stimulus. When two stimuli are given in
rapid succession, the response of immature synapses to the
second stimulus is usually larger in amplitude than to the first,
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resulting in paired-pulse facilitation (PPF) (Akaneya et al.
2003; Gasparini et al. 2000; Thomson 2000). Younger syn-
apses usually facilitate in response to this protocol, resulting in
a paired-pulse ratio that is >1. In retinotectal synapses, the
degree of facilitation decreases significantly between stages 42
and 49 (Aizenman and Cline 2007). We found that hindbrain-
tectal projections were slightly facilitating during stages 42/43
(1.3 £0.07,n = 7), and stages 44—46 (1.2 = 0.3,n = 11) and
this facilitation decreased by stages 48/49 (Fig. 5, A and B;
1.0 £ 0.9, n = 11). This trend, however, was not statistically
significant (P > 0.05). Thus in contrast to the retinotectal
projection, hindbrain synapses do not appear to significantly
change their release properties during this developmental time
period. There are several possible explanations for this. One
possibility is that by the time hindbrain inputs reach their
targets in the tectum, they already have fairly developed
release machinery or that they reach the tectum much earlier
than visual synapses. Alternatively, it is possible that the
various sensory modalities contained in the hindbrain projec-
tion have different release properties, leading to variability in
the data.

To further characterize the maturation of the developing
hindbrain-tectal projection, we measured their A/N ratio. Im-
mature glutamatergic synapses are characterized as having
primarily NMDAR (Isaac et al. 1997; Wu et al. 1996). Because
NMDAR are inactive at resting membrane potentials, these
synapses are functionally silent. As retinotectal synapses ma-
ture, AMPA receptors are added, rendering NMDAR-contain-
ing synapses functional (Akerman and Cline 2006; Wu et al.
1996). Thus one way to gauge the maturity of a synapse is by
measuring the amount of current carried by AMPAR and
comparing it with the amount of current carried by NMDAR.
To measure the A/N ratio, we measured AMPAR- and
NMDAR-mediated currents independently (see METHODS).

A B
42-43

1.6 —

1.2 —

1.0

0.8 —

48-49

Peak EPSC 2 / Peak EPSC 1

0.4 —

0.2 —

0.0

42-43
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AMPAR-mediated tectal cell responses were recorded in re-
sponse to hindbrain stimulation at —60 mV, a membrane
potential at which NMDAR are blocked by Mg*". To deter-
mine the NMDAR-mediated response, we recorded evoked
currents from the same neuron when it was depolarized to +60
mV. Between developmental stages 42/43 and 44-46, we
found that the A/N ratio increases, but this change was not
statistically significant (Fig. 6, A and B; stage 42/43: 1.45 =
0.3, n = 7; stage 44—-46: 2.5 £ 0.6, n = 11). However, unlike
retinotectal synapses, we found that the A/N ratio decreases
significantly between stage 44—46 and 48/49 (1.0 = 0.2, n =
15, P = 0.0281).

One possible explanation for this observed decrease in the
A/N ratio is that between stages 44—6 and 48/9 a large wave of
synaptogenesis occurs in the hindbrain-tectal projection. These
newly formed synapses would be dominated by NMDARs,
therefore decreasing the overall A/N ratio of the projection.
This idea is supported by the observations that the important
aspects of lateral-line mediated behavior mature around stage
47 (Simmons et al. 2004) and that the inner ear, in which
auditory and vestibular inputs originate, quadruples in size
between stages 45 and 50 (Quick and Serrano 2005). This
restructuring in the various mechanosensory modalities that
compose the hindbrain-tectal projection would result in an
increase in the number of hindbrain inputs innervating the
tectum. To test this prediction, we measured the response of
tectal cells to graded increases in the intensity of stimulation of
the hindbrain projection.

In this experiment, we first determined a minimum and
maximum stimulation intensity for each cell (see METHODS).
Synaptic events evoked by minimal stimulation are interpreted
as being the result of the stimulation of a single axon (Liao et
al. 1995; Wu et al. 1996). We generated input/output curves for
each cell (Fig. 7) across a range of developmental stages by

FIG. 5. There is no developmental change in
paired-pulse ratio at hindbrain-tectal synapses.
A: representative traces from tadpoles of each of
the three stage epochs investigated, 4243, 44—
46, and 48—49. B: paired-pulse ratios expressed
as the amplitude ratio between the peak values of
excitatory postsynaptic currents 2 and 1 (EPSC2/
EPSC1) for tadpoles from stages 42-43 (1.3 =
007, n = 7); 44-46 (12 £ 03, n = 11); and
48-49 (1.0 = 0.9,n = 11). P > 0.05, error bars
are SE.

44-46
Stage

48-49
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plotting normalized response amplitudes against normalized
stimulus intensities. If a given cell is innervated by one or a
few fibers, the response amplitude will show sudden large
“jumps” as the stimulus intensity is increased, whereas if the
cell is innervated by multiple fibers, the response amplitude
will increase in a more graded manner. Individual input-output
curves were grouped according to whether they showed at least
one jump in amplitude of =65% of the maximal response size
(type 1 responses) or whether increases were more graded
(type 2 responses). We interpreted that cells in the first group
would be innervated by one or few fibers, whereas those in the
second group would be innervated by multiple fibers. In 55%
(5 of 9) of stage 42/43 cells tested, the hindbrain-tectal pro-
jection was Type 1. As the animals develop, the percentage of
type 1 responses decreased to 33% (3 of 9) by stage 44—46 and
to 14% (1 of 7) by stage 48/49. This developmental increase in
graded synaptic transmission indicates that the developing
hindbrain-tectal projection is incorporating increasing numbers
of fibers, which may convey increasingly varied mechanosen-
sory information to tectal cells.

In the developing tectum, nascent excitatory retinotectal
synapses express an increased quantal size, which decreases
over development (Aizenman and Cline 2007; Pratt and Aizen-
man 2007). To test whether hindbrain-tectal synapses follow
a similar developmental profile, we measured asynchronous
EPSCs (aEPSCs) induced by hindbrain stimulation. aEPSCs
can be evoked by substituting extracellular Ca®" with Sr*™*
(Xu-Friedman and Regehr 2000); see METHODS). This results in
asynchronous synaptic release allowing EPSCs resulting from
the release of single vesicles from the stimulated pathway to be
resolved (Fig. 8A). This manipulation allowed us to analyze
unitary synaptic events resulting from stimulation of an iden-
tified pathway. We found that the quantal size of the hindbrain-
tectal projection did not significantly decrease in amplitude
(pA) across the three developmental epochs investigated in this

K. E. DEEG, 1. B. SEARS, AND C. D. AIZENMAN

FIG. 6. The AMPA/NMDA ratio at hind-
brain-tectal synapses transiently increases
and then decreases during development.
A: representative tectal responses to hind-
brain stimulation recorded at —60 mV and
+60 mV. An average of 10 traces were
averaged at —60 mV to represent the AMPA
response and +60 mV to represent the
NMDA response. Traces were from the
same cell and superimposed. B: the average
A/N ratio across development beginning
with stage 42 (145 = 0.3, n = 7) and
showing a significant decrease between
stage 44-46 (2.5 £ 0.6, n = 11) and 48—49
(1.0 £ 0.2, n = 15, P = 0.0281). Error bars
are SE. A/N ratios were calculated as indi-
cated in methods.

44-46 48-49
Stage

study (Fig. 8C; 42/43: 9.05 £ 0.87 pA, n = 13; 44/46: 8.25 £
0.97 pA, n = 10; 48/49: 7.52 = 1.05 pA, n = &; P > 0.05).

Using this method we also directly compared the quantal
size of hindbrain inputs and visual inputs to a given tectal
neuron across development. We found that at all develop-
mental stages, the quantal size of visual inputs was not
significantly different from that of hindbrain inputs (Fig. 8,
B and E). However, consistent with prior observations, the
quantal size of visual inputs significantly decreased during
this developmental time period (Fig. 8D; 42-43: 11.03 =
0.987 pA, n = 13; 44-46: 10.21 = 1.207 pA, n = 10;
48-49: 6.71 £ 0.786 pA, n = 8; P = 0.006), in contrast to
the lack of change observed in the quantal size of HB inputs.
This result supports our earlier conclusion that the observed
decrease of the A/N ratio between stages 44—46 and stage
48/49 is likely due to a new wave of synaptogenesis in
hindbrain synapses because the difference cannot be ac-
counted for by a decrease in the amplitude of AMPAR-
mediated quantal events.

DISCUSSION

Here we describe the development of mechanosensory
projections to the optic tectum, which originate in primary
sensory nuclei in the hindbrain. Our anatomical studies
indicate that the hindbrain projection carries information
from a variety of mechanosensory modalities likely origi-
nating from the trigeminal, facial, acusticovestibular, and
lateral-line nerves. These projections terminate in an area of
the hindbrain containing various primary sensory nuclei,
including the dorsal column nucleus, dorsal medullary nu-
cleus, and lateral line nucleus. The projection from the
hindbrain to the tectum is present at least from developmen-
tal stage 42 and becomes more pronounced by stage 49.
Furthermore, this projection overlaps in the same area of the
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tectal neuropil as retinotectal inputs, although it seems to
terminate in more ventral regions of the tectum.
Functionally, hindbrain-tectal synapses are active during this
time period and show no change in paired-pulse facilitation in
contrast to visual inputs. Furthermore, the hindbrain inputs
show a small, transient increase in AMPA/NMDA ratio be-
tween stages 42/3 and 44 —-46, and a significant decrease in this
ratio by stages 48/9. This is also accompanied by electrophys-
iological evidence consistent with a developmental increase in
the number of fibers innervating the tectum from the hindbrain,
suggesting that the decrease in A/N ratio may be due to a large
increase in the number of newly formed, immature synapses.
The mechanosensory modalities thus appear to follow a dif-
ferent developmental profile than do visual inputs. Taken
together, these data show that the tectum can integrate inputs
from a variety of sensory modalities from very early on in

development, making this an attractive, experimentally tracta-
ble preparation with which to study the early development of
multisensory integration at a cellular level.

Comparison between the development of the retinotectal and
mechanosensory projections

Our data indicate that the developmental profile of mech-
anosensory hindbrain-tectal projections differs from that of the
retinotectal projection in its level of facilitation, A/N ratio, and
quantal size. The decrease in PPF at hindbrain-tectal synapses is
small and nonsignificant unlike the large drop in PPF observed in
the retinotectal projection between early and late stage tadpoles
(Aizenman and Cline 2007). This decrease in PPF seen at hind-
brain-tectal synapses is further distinguished from that seen at
retinotectal synapses by the fact that retinotectal synapses never-
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48-49

FIG. 8. Quantal size of evoked hindbrain
and visual inputs to tectal neurons across de-
velopment. A: representative traces of tectal
responses to direct stimulation of the hindbrain
(HB) or visual (Vis) projections in the presence
of S**. B: asynchronous EPSC (aEPSC) am-
plitudes evoked by stimulation of different
pathways that terminate on the same tectal cell
are paired and connected by a line. The average
evoked aEPSC amplitudes resulting from hind-
brain and visual pathway stimulation are rep-
resented by black squares connected by a black
line. We did not see consistent differences be-
tween aEPSC amplitudes of HB or Vis inputs
to a given cell across development. C: average
peak aEPSC amplitudes resulting from direct
stimulation of the hindbrain across develop-
ment (42-43: 9.06 = 0.875 pA, n = 13; 44—
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theless still facilitate in response to a paired pulse protocol at stage
48/49. Our data indicate that hindbrain tectal synapses neither
facilitate nor depress at this stage, suggesting that their presynaptic
release properties may ultimately develop differently than visual
inputs.

The retinotectal projection matures by adding AMPAR to
silent synapses accompanied by additional pruning of inputs
that fail to mature (Cline and Haas 2008; Haas et al. 2006).
Retinal ganglion cell axons first reach their target tectal cells by
stage 39, and functional synapses that convey visual informa-
tion are established by stage 42/43. The period between stage
44 and 46 is characterized by dramatic synaptogenesis. Highly
motile retinal ganglion cell axon terminals synapse with the
dynamic tectal cell dendritic arbor. By stage 48/49, AMPAR-
mediated synaptic input increases as AMPAR are added to
existing synapses (Akerman and Cline 2006), resulting in a
significant increase in the A/N ratio between stage 42 and 49.
Data from the retinotectal projection support a model whereby
each axon from an individual retinal ganglion cell forms
multiple synapses with each tectal neuron (Pratt and Aizenman
2007). As the retinotectal projection matures, the total number
of retinal fibers carrying visual information to a given tectal
cell decreases, while the number of mature synapses per-fiber
increases.

We believe that the observed decrease in hindbrain-tectal
AN ratio between stage 44—46 and 48/49 also underlies a wave

N
o
|

N

RN

N

0 46: 825 = 097 pA, n = 10; 48—49: 7.36 *

HB Vis 1.05 pA, n = 8). D: average aEPSC amplitudes
resulting from direct stimulation of the visual
inputs to tectal cells across development. The
decrease in peak amplitude between stages
’ 42-43 and 48-49 is significant (42-43:

2 . 11.03 = 0987 pA, n = 13; 44-46: 1021 =

57 Moge 1207 pA, n = 10; 48-49: 6.71 = 0.786 pA,

s ’ n = 8 P = 0.006). E: aEPSC amplitude

0 - ", ’ evoked by visual stimulation plotted against
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& A A for each tectal neuron investigated from all 3

5 A developmental epochs. Circles = 42-43; bow-
LA ties = 4446, triangles 48—49.
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of synaptogenesis. One possibility is that these nascent hind-
brain-tectal synapses are added as new fibers are recruited to
the developing hindbrain-tectal projection. Thus the difference
in A/N ratios between the hindbrain- and retinotectal projec-
tions could be due to a late wave of synaptogenesis on nascent
hindbrain-tectal projections, resulting in a larger number of
NMDAR-dominant silent synapses. This theory is supported
by studies showing that nonvisual mechanosensory modalities
restructure immediately preceding stage 48/49. Specifically,
some aspects of lateral line system, believed to be important
for rheotaxis, become functional at stage 47 (Simmons et al.
2004); although there is evidence that the lateral line system
can function as early as stage 41 (Roberts et al. 2009). The
inner ear of Xenopus tadpoles contains specific compartments
to detect auditory, vestibular, and acoustico-vestibular stimuli.
These compartments are established by stage 45. Between
stage 45 and stage 50, morphological changes cause the ear to
quadruple in length (Quick and Serrano 2005). Thus these
studies show that major functional changes occur along the
mechanosensory hindbrain-tectal projection during the same
developmental time period in which we observe a significant
decrease in A/N ratio.

One interesting contrast with mammals is that in the mam-
malian colliculus, mechanoreceptor input precedes visual input
during development. Recordings from the colliculus of neona-
tal kittens show that neurons sensitive to auditory and somatic
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stimuli develop a few days before the appearance of visual
responses (Stein et al. 1973). This may facilitate orienting to
and localizing the mother’s nipple (Larson and Stein 1984). In
contrast, neurons in the tadpole tectum appear to acquire visual
responsivity either before or simultaneously with mechanosen-
sory input. One possible reason might be the need for tadpoles
to develop visually-guided behavior early in development to
avoid predation and seek shelter (Dong et al. 2009).

A final point of distinction between retinotectal and hind-
brain-tectal inputs can be found by examining the quantal size
of the various inputs across development. It is known that the
quantal size of visual inputs decreases across development
(Pratt and Aizenman 2007). In contrast, the quantal size of
hindbrain-tectal synapses remains relatively constant across the
three developmental epochs examined here. These data further
support our model of hindbrain-tectal development in which
nascent synapses are continuously added to nascent fibers as
opposed to a coordinated maturation of synapses in established
retinotectal inputs.

Taken together, our data therefore support a hypothesis in
which the hindbrain-tectal projection increasingly incorporates
new fibers as the different mechanosensory modalities develop.
These new fibers form nascent synapses that are immature and
are characterized primarily by NMDAR. During the same
developmental window, the retinotectal projection, in contrast,
undergoes a period of refinement, where fibers are pruned and
AMPAR are added to existing synapses, while the number of
synapses each retinotectal axon makes increases. One impor-
tant caveat in this hypothesis, however, is that because we are
likely activating multiple mechanosensory modalities by di-
rectly stimulating the hindbrain, is also possible that different
mechanosensory modalities may be following different devel-
opmental time courses, and this may confound the interpreta-
tion of the results.

Open questions and future directions

This study has characterized the development of mech-
anosensory inputs in vitro using direct electrical stimulation of
a whole-brain preparation. This preparation has the important
advantage that we can directly activate hindbrain inputs mono-
synaptically and thus are able to study changes in their synaptic
properties. However, using our method, we cannot distinguish
between the different mechanosensory modalities. It would be
informative to expand this data by performing in vivo stimu-
lation of the putative modalities carried by the hindbrain-tectal
projections. An in vivo approach would allow us to directly
stimulate the modalities composing the hindbrain-tectal pro-
jection individually. Using actual sensory stimuli to activate
the auditory, lateral-line or somatosensory inputs in vivo across
development will allow us to address the question of whether
the relative “weight” of various mechanosensory inputs to
tectal cells changes during this time period. It will also allow us to
address the question of whether the different modalities in the
hindbrain-tectal projection mature at different rates. Previous
work in urodele amphibians has shown that there is a devel-
opmental sequence in the projection of sensory afferents to the
hindbrain, from trigeminal, facial, inner ear, and finally lateral
line (Fritzsch et al. 2005). This study supports the idea that the
hindbrain-tectal projection may carry information from sepa-
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rate sensory modalities at different developmental time peri-
ods.

In other species, different sensory modalities are known to
influence each other during development (Knudsen 2002; Wal-
lace and Stein 2007; Wallace et al. 2006). Our preparation
would allow us to ask similar questions about whether the
development of the hindbrain-tectal projection is instructed by
the development of visual inputs. It has been demonstrated that
visual experience plays instructive and permissive roles in the
maturation of retinotectal synapses and refinement of the reti-
notectal map (Cline 1991; Debski and Cline 2002; Ruthazer
and Cline 2004). Furthermore, visual activity is also important
for guiding the alignment of the ipsilateral visual map from the
nucleus isthmus with the contralateral retinotectal map (Udin
and Grant 1999). It would be intriguing to know whether
similar mechanisms are at play in the hindbrain input. For
example, in the mature tectum, different populations of cells
can be found that respond to either single sensory modalities or
to different combinations (Behrend et al. 2006; Lowe 1987). In
our study, we found that all cells that receive input from
retinotectal synapses also receive hindbrain inputs. It would be
interesting to know whether this is a transient phenomenon, in
Xenopus, and whether this pattern changes during later devel-
opmental stages, and whether this process is activity depen-
dent. For example, in mature Xenopus, cells residing in deeper
tectal layers are unlikely to receive direct visual input. At
which point in development do these cells lose visual input? Or
do these cells develop later?

Conclusion

Here we have described the development of mechanosen-
sory inputs to the optic tectum in Xenopus tadpoles. Our
anatomical data indicate that the trigeminal ganglion and the
nerve bundle that carries VIIth and VIIIth nerve and lateral-line
inputs all project to primary sensory nuclei in the hindbrain.
Nerve fibers from the hindbrain make monosynaptic connec-
tions with cells in the contralateral tectum. All tectal cells
investigated in this study received input from both the con-
tralateral hindbrain and retinotectal projections.

Our results have characterized for the first time the devel-
opment of nonvisual inputs to tectal cells in the developing X.
laevis tadpole. We have outlined important differences in the
developmental time course of hindbrain-tectal and retinotectal
synapses and established the developing X. laevis tadpole as an
important model system with which to study bottom-up mul-
tisensory integration across development.
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