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ABSTRACT

Auditory thalamocortical connections are organized as par-
allel pathways originating in various nuclei of the medial
geniculate body (MGB). The development of these pathways
has not been studied. Therefore it remains unclear whether
thalamocortical connections segregate before the onset of
hearing or whether refinement of exuberant thalamocortical
connections occurs following hearing onset. We studied
this issue in the pallid bat. In adult pallid bats, parallel
thalamocortical pathways represent two different sounds
used in two different behaviors. The suprageniculate (SG)
nucleus of the dorsal division of the MGB (MGBd) projects to
a high-frequency cortical region selective for the echoloca-
tion calls, but not to a low-frequency cortical region sensi-
tive to noise transients used in the localization of prey.
Conversely, the ventral division (MGBYV) projects to the low-

frequency, but not the high-frequency, cortical region. Here
we studied the development of these parallel pathways.
Based on retrograde tracer injections in electrophysiologi-
cally characterized cortical loci, we show that there is an
asymmetrical overlap in projection patterns from postnatal
(P) day 15-60. The low-frequency region receives extensive
input from both the SG and the MGBv. In contrast, the
high-frequency region receives the great majority of its in-
put from the SG, as in adults, whereas projections from the
MGBv appear to make only a minor contribution, if any. By
P150, these pathways are segregated and adult-like. These
data suggest that these anatomically segregated pathways
arise through postnatal refinement of initially overlapping
connections. J. Comp. Neurol. 515:231-242, 2009.
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Most sensory information reaches the cortex via the thala-
mus through highly specific thalamocortical connections. In
the auditory system, the medial geniculate body (MGB) pro-
vides the thalamic input to the auditory cortex (Raczkowski et
al., 1976; Andersen et al., 1980; Morel and Imig, 1987; Winer et
al., 1999; reviewed in Imig and Morel, 1983 and Rouiller, 1997).
Parallel thalamocortical pathways arise from three distinct
divisions of the MGB (reviewed in Winer et al., 2005). Thalamo-
cortical connections include the tonotopically organized pri-
mary auditory pathway through the MGBV (ventral division), a
multisensory pathway through the MGBm (medial division)
that may be involved in multimodal integration and learning
(Wepsic, 1966; Bordi and LeDoux, 1994; Edeline and Wein-
berger, 1992; reviewed in Hu, 2003), and a nontonotopic path-
way through the MGBd (dorsal division) that may be involved
in representing complex sounds (Aitkin and Dunlop, 1968;
Olsen and Suga, 1991; Schuller et al., 1991; Radtke-Schuller,
2004; Radtke-Schuller et al., 2004; Wenstrup and Grose,
1995).

The development of these parallel pathways between the
MGB and the auditory cortex has been the subject of only one
study. Gurung and Fritzsch (2004) found that the MGB inner-
vates the auditory cortex before onset of patterned sensory
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input. However, whether segregation of MGB-auditory cortex
inputs into parallel pathways depends on sensory experience
remains unknown. Considerably more is known of the devel-
opment of connectivity at lower levels of the auditory system.
Studies of connections of the midbrain (Friauf and Kandler,
1990; Gabiriele et al., 2000, 2007) and lower brainstem (Leake
et al.,, 2002) suggest that the nucleotopic connections are
mostly adult-like before hearing onset. Postnatal refinement
or maintenance of connections, perhaps in an activity-
dependent manner, is restricted to sharpening tonotopic or-
ganization (Kim and Kandler, 2003; Franklin et al., 2006; Leake
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et al., 2006). The main goal of the present study is to extend
these developmental studies to the thalamocortical level.

The subject of this study is the pallid bat, a species well
suited for the analysis of thalamocortical development. This
species is a gleaning bat that uses passive hearing to detect
and locate prey, and reserves echolocation largely for obsta-
cle avoidance (Bell 1982; Fuzessery et al., 1993). In response
to the need for simultaneous performance of two auditory
functions while hunting, the pallid bat has, in effect, evolved
two parallel auditory systems. Physiological and anatomical
studies suggest that its inferior colliculus (IC)-MGB-auditory
cortex connections are organized as two parallel, segregated
pathways representing the FM (frequency-modulated)
sweeps used in echolocation and noise transients used in
prey detection (Fuzessery, 1994; Fuzessery, 1997; Razak and
Fuzessery, 2002; Razak et al., 2006). The tonotopic region in
its auditory cortex is divided roughly into two halves; a high-
frequency region (HFR) with neurons selective for FM sweeps
used in echolocation, and a low-frequency region (LFR) sen-
sitive to noise transients used in passive sound localization.
The HFR receives its input largely from the suprageniculate
(SG) nucleus of the MGBd, but not the MGBv (Razak et al.,
2006). In contrast, the LFR receives tonotopic input from the
MGBYyv, but not the SG. This present study focuses on the
development of these parallel pathways.

Another advantage of the pallid bat is that the ontogeny of
both echolocation behavior (Brown et al., 1978) and functional
organization of auditory cortex (Razak and Fuzessery, 2007)
has been studied. This provides a behavioral framework dur-
ing development to compare anatomical and physiological
data. The overall functional organization of auditory cortex,
including frequency representation, is adult-like early in de-
velopment. An exception is the prevalence and anatomical
distribution of functionally bimodal neurons (Razak et al.,
1999). These neurons appear to receive input from both path-
ways, and have two discrete tuning curves tuned to frequen-
cies used in echolocation and passive sound localization. In
adults, these bimodal neurons are found near the interface of
the LFR and HFR. In pups, however, they are more widely
distributed (Razak and Fuzessery, 2007), suggesting that pro-
jections from the MGBv and SG may show greater overlap in
their cortical targets. We tested this hypothesis by retrograde
tracing of MGB inputs from electrophysiologically identified
injection sites in the LFR and HFR of auditory cortex. The
results indicate that projections from the ventral and dorsal
divisions of the MGB show overlap early in postnatal devel-
opment, and become segregated as the system matures.

MATERIALS AND METHODS

Electrophysiology and retrograde tracing data were ob-
tained from pallid bat pups that were born and raised in the
University of Wyoming animal facility. Pregnant pallid bats
were netted in New Mexico and housed in cages. The bats
were fed mealworms raised on ground Purina (St. Louis, MO)
rat chow. The room was heated and maintained on a reversed
12:12-hour light/dark cycle. As pups were born, they were
moved, with their mothers, to a nursery cage that housed
pups born within 2-3 days of each other. Therefore, the ages
reported in this study are accurate to within 2-3 days. Pups
and moms were maintained in these cages until the day of
recording from the pups. All procedures followed animal wel-
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fare guidelines required by the National Institutes of Health
and the Institutional Animal Care and Use Committee.

Surgical procedures

The methodology used in this study was identical to that
reported previously in adults (Razak et al., 2006). Briefly, re-
cordings were obtained from bats that were anesthetized with
methoxyflurane (Metofane, Schering Plough, Union, NJ) inha-
lation, followed by an intraperitoneal injection of pentobarbital
sodium (30 ng/g body wt) and acepromazine (2 ng/g body wt).
The level of anesthesia was evaluated by the toe-pinch reflex.
Surgery commenced only when this reflex was absent. In
addition, this reflex was tested every 2 hours during the re-
cording session, and an additional dose of pentobarbital so-
dium (one-third of the presurgical dose) was injected if re-
quired. To expose the auditory cortex, the head was held in a
bite bar, a midline incision was made in the scalp, and the
muscles over the dorsal surface of the skull were reflected to
the sides. The bat was then placed in a Plexiglas restraining
device. A cylindrical aluminum head pin was inserted through
a cross bar over the bat’s head and cemented in place. This
pin held the bat’s head secure during recording and injection.
The location of the auditory cortex was determined relative to
the rostrocaudal extent of the midsagittal sinus, the distance
laterally from the midsagittal sinus, and the location of a
prominent lateral blood vessel that travels parallel to the mid-
sagittal sinus (Razak and Fuzessery, 2002). The size of the
exposure was usually ~2 mm?2,

Recording procedures

Experiments were conducted in a heated (85-90°F), sound-
proofed chamber lined with anechoic foam. Bats were kept
anesthetized throughout the course of the experiments. Stim-
uli were generated by using Modular Instruments (Austin, TX)
and Tucker Davis Technologies (Alachua, FL) digital hardware
and custom-written software (Fuzessery et al., 1991). The
waveforms were amplified with a stereo amplifier and pre-
sented as closed-field stimuli through Infinity emit-K ribbon
tweeters (Harman International Industries, Woodbury, NY) fit-
ted with funnels that were inserted into the bat’s pinnae and
sealed there with petroleum jelly. The speaker-funnel fre-
quency response curve showed a gradual increase of 20 dB
from 6 to 70 kHz, as measured with a Bruel & Kjaer (Norcross,
GA) 1/8-inch microphone placed at the tip of the funnel.

Recordings were obtained with glass microelectrodes (1 M
NaCl, 2-7 MQ impedance) at cortical depths between 200 and
600 um. Penetrations were made orthogonal to the surface of
the cortex. Response magnitudes and poststimulus time his-
tograms were acquired and stored with a Modular Instru-
ments high-speed clock controlled by custom-written soft-
ware. Responses were quantified as the total number of
spikes elicited over 20 stimulus repetitions.

Data acquisition

The functional organization of the cortex was mapped to
determine the LFR and HFR, with an emphasis on best fre-
quencies (BFs) and response selectivity. The BF was defined
as the frequency of the tone burst (5 msec duration, including
1/1 msec rise/fall time) that elicited response at the lowest
tested intensity to at least five successive presentations. De-
tails on determining response selectivity are presented else-
where (Razak and Fuzessery, 2002). Briefly, by using BF tone,
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broadband and narrowband noise, and upward and down-
ward FM sweeps as probes, the neuron was classified as
selective for the stimulus that elicited at least 30% more
response than the other stimuli. In both pups (Razak and
Fuzessery, 2007) and adults (Razak and Fuzessery, 2002), the
LFR is characterized by frequency tuning of <35 kHz and
preference for noise transients over FM sweeps, whereas
neurons of the HFR are tuned above 30 kHz and have a
preference for downward FM sweeps over upward sweeps
(Razak and Fuzessery, 2006) and noise.

Injection of tracers

Electrophysiological mapping of the auditory cortex fol-
lowed by retrograde tracer injections was successful in 14
pallid bats (12 pups with ages between P15 and 60 and 2
5-month-old bats). For more details on the functional organi-
zation of the auditory cortex during development, see Razak
and Fuzessery (2007). In five bats, either Fluoro-Gold (FG) or
Fluoro Ruby (FR) was injected in a site with known BF and
response selectivity. In the remaining nine bats, two different
tracers (FG and FR) were injected in loci with different BF. All
tracer injections were made by using iontophoresis. The tip of
a glass micropipette (10-20-um tip diameter) was filled with
FG or FR through capillary action. The micropipette was back-
filled with NaCl (1 M) to permit recording and injecting with the
same electrode. A Stoelting (Wood Dale, IL) Precision Current
Source was used to inject FG or FR (1-5-pA current, 7 sec-
onds on, 7 seconds off, 5-30 minutes) at cortical depths of
200-600 pm.

Identification of retrogradely labeled neurons in
the thalamus

After a survival period of ~6 days, the bat was lethally
anesthetized with pentobarbital sodium and perfused intrac-
ardially with phosphate-buffered saline (PBS, pH 7.4; 30-50
ml, ice-cold). The brain was fixed with 0.1 M phosphate-
buffered 4% paraformaldehyde (80-100 ml, ice-cold). The
perfusion rate was between 3 and 4 ml/min. The brain was
removed after measurements of the cortical exposure were
made and refrigerated overnight in 30% sucrose (in 0.1 M
phosphate buffer). Forty-um-thick frozen coronal sections
were collected in 0.1 M phosphate buffer.

Alternate sections were mounted onto slides from PBS. The
remaining series of sections were stained with cresyl violet.
After coverslipping with Permount (for cresyl violet) or DPX
(for FG/FR), the slides were viewed under either brightfield
(cresyl violet) or fluorescent (FG/FR) illumination. Sections
were observed under a Nikon Eclipse E800 brightfield micro-
scope. Fluorescently labeled cells were observed by switch-
ing from a UV-2E/C filter to detect FG (excitation wavelength
340-380 nm) to a Y-2E/C filter for detection of FR (excitation
wavelength 540-580 nm). Images were adjusted for contrast
and brightness in either Canvas X (ACD systems) or Photo-
shop 6.0 (Adobe). The location of retrogradely labeled cells
within the various divisions of the MGB was noted across the
rostrocaudal extent of the MGB.

RESULTS
Organization of the MGB in pups

Cell size, darkness of staining, and packing density in Nissl-
stained sections were used to determine the boundaries of
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various divisions of the MGB in pups. Figure 1 shows pho-
tomicrographs of four Nissl-stained sections obtained from a
P15 pup, the youngest age tested. The sections are shown in
the caudal to rostral direction. The three major divisions of the
MGB described in other species (Morest, 1964) including adult
pallid bats (Razak et al., 2006) can be seen in the P15 pup:
ventral (MGBv), dorsal (MGBd), and medial (MGBm). The
MGBv contains a high packing density of cells with similar
sizes. The MGBm has a wider range of cell sizes and a lower
packing density. The lower cell density in the MGBm can be
seen in Figure 1B. MGBm and MGBv are also separated by
fiber tracts in the more rostral sections through the MGB
(arrows in Fig. 1C,D). The SG, considered a part of the MGBd,
is prominent throughout the rostrocaudal extent of the MGB.
Its large, darkly stained cells have a distinctive appearance in
Nissl-stained sections, facilitating its demarcation from the
dorsolateral part of the MGBd and other divisions of the MGB.
The darker staining in SG compared with the other regions
can be clearly seen in all four sections shown in Figure 1.
Because the distinctive Nissl-based features of the SG and
the MGBYv are present from at least P15 in the pallid bat, it was
possible to determine the connections of these two MGB
regions to the auditory cortex from the onset of adult-like high
frequency hearing (~P14; Brown et al., 1978).

Thalamic sources of inputs to cortical LFR
in pups

In adults, the LFR receives input from the MGByv, but not the
SG. In contrast, pup LFR receives input from both the MGBv
and the SG. Figure 2 shows data from four different pups at
ages ranging between P15 and P60. In each experiment, FG
was injected in the LFR. Both frequency tuning and response
selectivity were used as physiological markers to target injec-
tions. In the case of LFR injections, the injection sites re-
sponded better to noise than to FM sweeps and typically had
BF between 8 and 35 kHz (Fig. 2).

The first two panels of each experiment in Figure 2 show the
BF map around the injection site and a photomicrograph of
the cortical injection site, respectively. The remaining panels
for each experiment in Figure 2 show the MGB locations in
which FG-labeled neurons were observed. The MGB sections
are shown in the caudal to rostral direction. In every case,
FG-labeled neurons were seen in the SG and the MGBy,
indicating that both of these thalamic regions project to the
LFR. More SG neurons appear to project to the LFR from the
caudal half of the MGB compared with the rostral half. The
number of FG-labeled MGBv neurons increased in the rostral
direction. The data are not clear on whether there is a de-
crease between P15 and P60 in the absolute number of SG
neurons projecting to the LFR. This is primarily because the
injection sizes and BF of the injection sites were not similar
across experiments. As in adults, both the MGBm and MGBd
project to the LFR.

In the adult pallid bat, the MGBv-LFR connections are orga-
nized tonotopically, as reported for the MGBv-primary auditory
cortex connections in other species. Injections in LFR sites with
BF < 20 kHz label lateral parts of MGBv whereas injections in
LFR sites with BF > 20 kHz label more medial loci of the MGBv
(Razak et al., 2006). In two pups, we tested whether such tono-
topically organized connections were present (ages P26 and
P35). In both cases, FG was injected in low-BF sites, whereas FR
was injected in higher BF sites within the LFR (Fig. 3). The caudal
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Figure 1.

Nissl-stained coronal sections through the MGB from a P15 pallid bat pup. Arrows point to fiber tracts that separate MGBv and MGBm. A-D:
Sections cut at 15% (A), 25% (B), 50% (C), and 75% (D) from the caudal end of the MGB, respectively. D, dorsal division; M, medial division;
V, ventral division; SG, suprageniculate nucleus. Scale bar = 250 um in A-D.

SG was labeled with FG and FR in both experiments, consistent  rons occupied more medial loci than FG-labeled neurons, sug-
with the conclusion that the SG projects to the LFR in pups. In  gesting that the MGBv-LFR connections in pups show at least a
the MGBYv, although there was some overlap, FR-labeled neu- gross tonotopic organization.



P15 PUP (BAC34) - FG IN LFR

Figure 2.
A-X: Both the SG and MGBYV are labeled following injections in the low-frequency region (LFR) of the cortex. Four different experiments are shown.

A,G,M,S: Best frequency map around the cortical injection site (black dot). Note that all injections were made near neurons with BF < 35 kHz. These
neurons were selective for noise used in prey localization. B,H,N,T: Cortical injection sites. For each experiment, the locations of labeled neurons in
four different sections of the MGB are shown in a caudal to rostral direction. In the schematic representation of the MGB, each dot represents one
or two neurons. A solid shape is used if the labeling is dense (e.g., R,X). D, dorsal division; M, medial division; V, ventral division; FG, Fluoro-Gold; SG,
suprageniculate nucleus. Scale bar = 500 um in B,C-F,H,I1,J1,K1,L1,N,01,P1,Q1,R1,T,U1,W1; 200 um in C1,C2,E1,E2.
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P26 (BAC40) - FG IN 10-17 kHz LFR, FR IN 27 kHz LFR
A 27 26

21 27 26

P35 (BAC41) - FG IN 15-18K LFR, FR IN 27K LFR

24
A 027
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Figure 3.

A-G1: MGBYy input to the low-frequency region (LFR) is organized tonotopically in young bats. In each experiment, two different tracers were
injected in the LFR. Each tracer targeted a different frequency band within the LFR. D, dorsal division; M, medial division; V, ventral division;
FG, Fluoro-Gold; FR, Fluoro Ruby. Scale bar = 250 um in B,C,F1,G1.
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Thalamic sources of inputs to cortical HFR
in pups

In adults, the HFR receives inputs from the SG, but not the
MGBv. A similar pattern was observed in pups. Figure 4
shows three different experiments addressing thalamic inputs
to the HFR. HFR injections were targeted based on both
frequency tuning (35-60 kHz) and selectivity for downward
FM sweeps over upward FM sweeps and noise. In the first
case (P20) in Figure 4, FG was injected in the HFR near
neurons with BF ~40 kHz. The SG was labeled throughout the
caudorostral extent, with increasing cell numbers in the rostral
direction. No FG label was found in the MGBuv. In the second
experiment (P20) shown in Figure 4, FR was injected in the
HFR, whereas FG was injected in the LFR. In this experiment,
the caudal SG was labeled with FG, providing additional sup-
port to the conclusion that the SG projects to the LFR in pups.
The SG was also labeled with FR, whereas the MGBv was not,
supporting the conclusion that the HFR receives input from
the SG, but not the MGBUv.

The third experiment (P30) shown in Figure 4 followed the
trend seen in the previous experiments, with the SG showing
connections to both the LFR and the HFR. In this experiment,
neurons labeled with FR (from the HFR) were seen more
ventrally (see section at 75%) than in any other experiment
with HFR injections. These neurons are immediately adjacent,
but not intermingled with, neurons labeled following LFR in-
jections. The location of the label is consistent with the tono-
topic organization of the MGBv, with the injection into the
region of higher frequency tuning being more dorsal and me-
dial (Fig. 3). We therefore cannot rule out the possibility that
these neurons are within the MGBU. If this is the case, it is the
only evidence found that MGBv neurons may provide a minor
input to the HRF in pups.

Thalamocortical connections in P150 bats

Figure 5 shows two experiments conducted in P150 bats,
an age at which the bats can be considered adults. In both
experiments, FG was injected in the HFR and FR was in-
jected in the LFR. Except for one FR-labeled neuron in the
SG in the first example (Fig. 5C), the connections from the
MGBv and the SG were to the LFR and HFR, respectively.
This suggests that the pathways are mostly segregated by
P150.

Summary of results

Table 1 presents a summary of all the experiments. The
table schematically shows the number of labeled neurons in
the SG and MGBv at three MGB locations (arranged caudal to
rostral). In every pup younger than P60, the LFR receives input
from both the SG and the MGBv. The caudal SG sends more
projections to the LFR compared with the rostral SG. In case
BAC41, only the caudal 15% of the SG projected to the LFR
(Fig. 3K-N). Therefore the FG data for this case appears as no
SG label in Table 1. The HFR receives input from the SG, but
not the MGBv. Taken together, these data show that during
early development the LFR differs from adults in that it re-
ceives input from both the SG and the MGBv, whereas the
HFR is similar to adults, as it receives input from the SG, but
not the MGBv.
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DISCUSSION

This study sought to determine the time course of develop-
ment of the parallel thalamocortical pathways for prey local-
ization and echolocation observed in the adult pallid bat. The
main result is that between the time of acquisition of adult-like
hearing (2 weeks postnatal) and at least until the time of
weaning (8 weeks postnatal), there is overlap in the thalamo-
cortical connections. The overlap was due primarily to the SG
projecting to both the LFR and the HFR in pups. The pup
MGBV projects mainly to the LFR as seen in adults. SG pro-
jections to the LFR were seen in every experiment regardless
of the frequency range of the LFR injection site (8-35 kHz).
Because the distance from the HFR, which is the target of SG
projections in adults, increases as best frequencies within the
LFR decrease, this suggests that retrograde SG labeling is not
due simply to the proximity of LFR injection sites to the HFR
and that the observed overlap of the pathways is not likely to
be a result of LFR injections spreading into the HFR in pups.
In addition, the similarity of results for different injection sizes
and the asymmetry in projection patterns (the SG projects to
both the LFR and HFR, but the MGBvV projects mainly to LFR)
also indicate that the results were not due to spread of tracers
across cortical regions.

The SG neurons projecting to the LFR were located pre-
dominantly in the caudal half of the MGB. The SG neurons
projecting to the HFR were distributed throughout the rostro-
caudal extent of the MGB, as is the case in adults. In contrast,
projections from the MGBv were much more adult-like at the
earliest ages tested, and were restricted largely to the LFR.
We found little evidence that the MGBv also projects to the
HFR; this nucleus thus appears more faithful to its adult tar-
get, even early in development. Therefore it appears that the
thalamocortical pathways underlying representation of two
different sounds used in two behaviors become segregated
postnatally, and may be subject to experience-dependent
refinement.

This asymmetry in the degree of overlap in these two
thalamocortical projections is not what would have been pre-
dicted based upon the anatomical distribution of functionally
bimodal neurons early in development (Razak and Fuzessery,
2007). These neurons are widely distributed in both the LFR
and HFR. If both regions are receiving converging low- and
high-frequency input, we would have anticipated that the de-
gree of overlap in projections from the SG and MBGv would
be more symmetrical, but this is not the case. Projections
from the MGBv to the HFR of auditory cortex are minor,
leaving in question the origin of bimodal neurons in this re-
gion. It is possible that the SG is receiving both low- and
high-frequency input from the IC or other lower level auditory
nuclei (Casseday et al., 1989; Gordon and O’Neill, 2000). If this
is the case, then it must also be explained why it is only the
caudal SG that projects to the LFR. Because no physiological
evidence of high-frequency tuning was recorded at the injec-
tion sites in the LFR, this would suggest that the caudal SG
selectively receives low-frequency input. These issues need
to be resolved through physiological examination of the fre-
quency tuning of SG neurons, and anatomical examination of
the inputs to SG, over the course of development.

It is perhaps not surprising that the parallel pathways arise
through developmental plasticity of connections originating in
the SG. The SG appears to be more susceptible to plasticity
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P20 PUP (BAC67) - FG IN HFR
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Figure 4.
A-M1, A-E2: SG, but not MGBY, is labeled following injections in the HFR of the cortex. The second and third experiments shown had injections

in both the LFR and the HFR. D, dorsal division; M, medial division; V, ventral division; FG, Fluoro-Gold; FR, Fluoro Ruby. Scale bar = 500 um
in all panels except in J1, C1, where bar = 100 pum.
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BACS3 - P150 FG IN HFR, FR IN NSR
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BAC54 - 5 MO OLD PUP FG in FM; FR in NOISE

G 47 52
40 44 @45

38 40
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Figure 5.

A-M1: Pathways are segregated in 5-month-old bats. In both experiments tracers were injected in the low-frequency region (LFR) and the
high-frequency region (HFR). LFR tracer labeled neurons in the MGBv, but not the SG. HFR injections labeled neurons in the SG, but not the
MGBv. The non-SG areas of the MGBd project to both the LFR and HFR. D, dorsal division; M, medial division; V, ventral division; SG,

suprageniculate nucleus; FG, Fluoro-Gold; FR, Fluoro Ruby; FM, frequency modulated. Scale bar = 500 um in B,H,l,J1,L1,M1.

during both evolutionary and developmental time courses.
The SG in rodents and carnivores is a multisensory nucleus
dominated by visual inputs from the superior colliculus (Cal-
ford and Aitkin, 1983; Tanaka et al., 1985; Katoh and Benedek,
1995). The auditory input comes primarily from extralemniscal
sources such as the nucleus of the central acoustic tract and
the external nucleus of the IC (Casseday et al., 1989; Gordon
and O’Neill, 2000). Only in chiroptera does the SG receive
input from the central nucleus of the IC (ICc; Wenstrup et al.,
1994). In the mustached bat, the SG, as well as the rest of the
MGBd, receives input from all frequency bands of the ICc

(Wenstrup et al., 1994; Wenstrup and Grose, 1995). In both
horseshoe (Radtke-Schuller, 2004) and mustached (Pearson
et al., 2007) bats, the MGBd projects to both primary and
nonprimary auditory cortices. Thus in bats, the increase in
thalamic participation in auditory processing appears primar-
ily through enhancing the contribution of the MGBd, specifi-
cally the SG, in auditory processing.

The developmental plasticity of SG connections is illus-
trated by cross-modal plasticity in ferrets (Pallas et al., 1990).
By appropriate lesions of retinal axon targets, visual input can
be guided to the MGB. This rewiring leaves the MGBv-primary
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TABLE 1. Summary of 14 Experiments Performed in This Study’

| LFR INJECTIONS | HFR INJECTIONSl

EXPERIMENT MGB MGB DISTANCE
(AGE) NUCLEUS] 25%  50% 75% 25%  50% 75%

BAC34 (P15) M O O O NA NA NA
s |00 |-

MGv - - - FLUROGOLD
BAC67 (P20) NA NA NA 0O

SG o o
MGv = - = O >100
BACE8 (P21)

SG - - o o

MGv - 0O 0O - - - 1 O st-100
SG [+] o] — -

MGv

BAC69 (P20)

O 2650

BACT70 (P22) 5
1-25
SG - o o -

MGv o O s NONE

BAC36 (P23)

MGv

BACT1 (P30) FLURORUBY

SG - - - o °

MGv & O 0O >10

BAC40 (P30) SG @) o - NA NA NA
MGv -

SG = 3.5

MGv _ - - —
BAC72 (P30) O O 1-2

NONE

6-10

MGv o o o
BAC41 (P35) SG = - - NA NA NA

MGv NA - NOT APPLICABLE
SG = -

O NA | NA NA

MGv [¢]
O NA NA NA
SG O o =

MGv

M
BAC44 (P50) Gy °

BAC46 (P60)

BAC53 (P150)
SG

MGv
BAC54 (P150)
SG - - - - O o

1The number of labeled SG and MGBV neurons in three different caudorostral sections is shown schematically by the size of the circle: light circles, Fluoro-Gold (FG); gray circles,
Fluoro Ruby (FR). Note that FG labeled more cells than FR. HFR, high-frequency region; LFR, low-frequency region; MGB, medial geniculate body; NA, not applicable (injection not
made).
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auditory connections similar to those of controls. However, an
anomalous input to the primary auditory cortex arises from the
dorsal thalamus, including the SG, in the cross-modal ani-
mals. This finding suggests that the SG typically receives and
sends more exuberant connections during early development.
These connections may be either stabilized or pruned by
activity-dependent mechanisms.

The present data on the pallid bat thalamocortical develop-
ment support the hypothesis that the SG sends exuberant
projections during early development. Between P15 and P60,
the SG projects to both the HFR and LFR. In adults, the SG
projects only to the HFR, suggesting developmental pruning
of exuberant connections from the SG. The pruning may be a
result of activity-dependent competition. As the bat matures
and begins to hunt, competition for cortical tissue by path-
ways serving echolocation and passive sound localization
may eliminate SG projections serving echolocation from the
LFR, which serves passive sound localization in adult.

An unusual aspect of thalamocortical connections in the
adult pallid bat is the lack of projections from the MGBvV to the
HFR. The cortical LFR and HFR represent the audible range of
the pallid bat (5-70 kHz). The lack of projections from the
MGBYV to the HFR suggests that the HFR may not be part of
the primary auditory cortex. If only the LFR is the primary
auditory cortex, then it is unusual in that nearly half the audible
range (BF > 40 kHz) is not represented in the primary auditory
cortex. If the tonotopic map formed by the LFR and HFR is
primary auditory cortex, then it is unusual in that it receives
half the input from the MGBv and the other half from the SG.
We have previously suggested (Razak et al., 2006) that this is
an adaptation specific to gleaning behavior wherein parallel
pathways provide a substrate for improved segregation of
prey-generated noise and echoes if they arrive within a short
time interval. Studies of other gleaning bat species’ thalamo-
cortical organization are likely to shed more light on this
hypothesis. Given the paucity of MGBV projections to the HFR
in pups, it may be that this aspect of thalamocortical connec-
tivity develops in an experience-independent manner, in con-
trast to the refinement of SG projections over the course of
development.

In summary, too few studies have addressed the issue of
thalamocortical development in the mammalian auditory sys-
tem. The present study has examined this topic in the pallid
bat, a species whose auditory system has an unusual and
specialized functional organization. We found considerable
differences in the development of thalamocortical projections
from the dorsal and ventral divisions of the MGB. Whether a
similar developmental pattern occurs in nonecholocating
mammals remains to be determined.
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