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Abstract
In the barn owl, maps of interaural time difference (ITD) are created in the nucleus laminaris (NL)
by interdigitating axons that act as delay lines. Adult delay line axons are myelinated, and this
myelination is timely, coinciding with the attainment of adult head size, and stable ITD cues. The
proximal portions of the axons become myelinated in late embryonic life, but the delay line
portions of the axon in NL remain unmyelinated until the first postnatal week. Myelination of the
delay lines peaks at the third week posthatch, and myelinating oligodendrocyte density approaches
adult levels by one month, when the head reaches its adult width. Migration of oligodendrocyte
progenitors into NL and the subsequent onset of myelination may be restricted by a glial barrier in
late embryonic stages and the first posthatch week, since the loss of tenascin-C immunoreactivity
in NL is correlated with oligodendrocyte progenitor migration into NL.
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INTRODUCTION
In the auditory system, phase-locked spikes preserve the temporal information needed to
compute interaural time differences (ITDs) (Carr and Boudreau, 1993; Konishi, 2003).
Sensitivity to ITDs in barn owls first appears in the auditory brainstem nucleus laminaris
(NL) (Carr and Konishi, 1990), which receives a bilateral ascending projection from the
cochlear nucleus magnocellularis [NM, Fig. 1; also see Fig. 12(H) for the illustrated delay
line circuitry]. The NM axons are myelinated axons that act as delay lines to form maps of
ITD in dorsoventral dimension of NL (Carr and Boudreau, 1993). Intracellular recordings
from these NM axons in NL reveal a conduction delay of about 160 μs over the 700 μm
depth of the nucleus. These delays are physiologically appropriate, since they match the
ITDs experienced by the barn owl (Moiseff and Konishi, 1981; Poganiatz et al., 2001).

Since there is an optimal ratio between internodal distance and fiber diameter (about 100–
200) to maximize conduction velocity (Brill et al., 1977), NM axons with fiber diameters
around 3 μm and internodal distances of 300 μm outside NL are capable of optimal
conduction velocity. The parts of the axon that act as delay lines within NL, however, have
shorter internodes (about 60 μm) and slower conduction velocity, measured at about 3–5 m/s
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(Carr and Konishi, 1990). The shorter internodal distance and the slower conduction
velocity of the delay line portion of the axon enable the owl to map the biological range of
ITDs within the dorsoventral dimension of NL (Carr and Konishi, 1990). A shorter
internodal distance may be due to changes in the axon diameter or changes in the
myelination process. Since the diameter of NM axons is consistent across the NL border
(Carr and Konishi, 1990; Carr and Boudreau, 1993), we used immunohistochemistry and in
situ hybridization to study the myelination of auditory delay lines during development. The
different stages of myelination are linked to increased expression of various myelin-specific
genes (Shiota et al., 1989; Grinspan et al., 1993), allowing the use of immunohistochemistry
with myelin associated glycoprotein (MAG) to mark the onset of myelination (Martini and
Schachner, 1986; Keita et al., 2002; Nakahara et al., 2003) and in situ hybridization with
proteolipid protein (PLP) to mark myelinating oligodendrocytes (Nave et al., 1987; Nave
and Milner, 1989).

Here we demonstrate that myelination of the delay line portion of the NM axons is retarded
with respect to myelination of the proximal portion of the axon and the surrounding
brainstem. This late onset of myelination may underlie the shortened internodal distance of
delay line axons. Furthermore, the late myelination of the delay line portion of the axons
coincides with the attainment of stable auditory cues and adult head size (Haresign and
Moiseff, 1988; Carr, 1995; Carr et al., 1998). We hypothesize that myelination of delay line
axons is regulated by a glial barrier in NL composed of tenascin-C (TN-C), since the
presence of TN-C in NL during the last two embryonic weeks is correlated with the absence
of oligodendrocyte progenitors in NL, while loss of TN-C at the time of hatching is
correlated with the appearance of oligodendrocyte progenitors in NL and myelination of the
delay line axons.

MATERIALS AND METHODS
This work was based on results from 60 barn owls (Tyto alba) of both sexes with age
ranging from embryos to adult. Preliminary data have been presented as abstracts and
conference proceedings (Cheng and Carr, 1992; Carr, 1995). Due to limited resources,
number of owl embryos and owl chicks for each time point was varied and limited (range
from 1 to 5; E17 (2), E18 (1), E19 (3), E21 (2), E22 (1), E23 (2), E24 (1), E26 (2), E27 (2),
E28 (1), E29 (1), E31 (2), E32/P0 (5), P2 (3), P5 (2), P6 (1), P7 (3), P8 (1), P9 (1), P10 (1),
P12 (2), P14 (3), P15 (1), P20 (2), P21 (1), P24 (1), P25 (2), P30 (4), P42 (1), P60 (2), Adult
(4)). Owl eggs were incubated in a Lyon Roll-X incubator (Lyon Electric Co., Chula Vista,
CA) at 37°C, and owl chicks were hand-raised in the laboratory (Rich and Carr, 1999). Owl
embryos and chicks were staged using the reference data for age determination in Köppl et
al. (2005). All protocols conformed to NIH and the University of Maryland Animal Care
and Use Committee guidelines. All chemicals, except those specified, were from Sigma (St.
Louis, MO).

Anatomy
Owls were anesthetized intramuscularly with Ketamine (15 mg/kg), followed by a lethal
dose of Pentobarbital (20 mg/kg i.m., Abbott Laboratories, IL). After intracardiac injection
of heparin, animals were perfused transcardially with saline, followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4. Brains were then cryoprotected
in 30% sucrose and sectioned coronally at 30 μm using a freezing microtome (Fig. 1).
Sections were stored in PB for immunohistochemistry. For in situ hybridization, sections
were mounted on silane-prep slides. Embryos that were too small for perfusion were
anesthetized by cooling, decapitated and fixed by immersion in 4% paraformaldehyde in PB.
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Ultrastructural Analysis
Owls (E23, E31, P8, 12, 20, and 30) were anesthetized as above and perfused transcardially
with oxygenated avian Tyrodes solution, followed by 1 L of 3% glutaraldehyde, 1%
paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 (Jackson and Parks, 1982; Carr and
Boudreau, 1991). The brains were postfixed for 8 h, the brainstem was cut in transverse
sections on a vibratome, and selected regions were postfixed with 1.0% osmium tetroxide
and embedded in Araldite resin. Thin sections were stained with uranyl acetate and triple
lead stain. The ultrastructure of NL was studied by first making a camera lucida drawing of
an adjacent semithin section. The entire thin section was then viewed on the electron
microscope in order to identify major landmarks and any profiles to be examined in serial
section.

BrdU Protocol
Owls (n = 2) were injected subcutaneously with 5 mg of 5-bromo-2′-deoxyuridine (BrdU, 5
mg/mL) per 100 g of body weight, and were sacrificed after 8 h as described above. In
addition, sections for immunostaining were pretreated with protease (3 μg/mL) and 1 N HCl
to remove nuclear histones.

Immunohistochemistry
Standard immunohistochemical procedures were followed using the avidin-biotin-
peroxidase complex (ABC) method with reagents from Vectastain ABC kits (Vector Labs,
Burlingame, CA). Sections were pre-incubated for 1 h in 0.1 M phosphate buffered saline
with 4% normal horse serum and 0.4% Triton-X, then incubated for 1–3 days in mouse
monoclonal antibodies. Because the availability of owl embryo material was limited, we
used antibodies that had been shown to recognize chicken protein. These included antibodies
against myelin-associated glycoprotein (α-MAG, 1:200 dilution; No. MAB1567, Chemicon
International, Temecula, CA), oligodendrocyte marker (O4, 1:100 dilution; No. MAB345,
Chemicon) and proteolipid protein (α-PLP, 1:300 dilution; No. MAB388, Chemicon). The
anti-tenascin antibody recognized chicken tenascin (1:300 dilution; M1-B4, Developmental
Studies Hybridoma Bank, University of Iowa; Chiquet and Fambrough, 1984). Mouse anti-
bromo-2′-deoxyuridine, (α-BrdU, 1:120 dilution; No. B-25315, Sigma) was used to identify
BrdU-labeled cells. Sections were incubated for 1 h in biotinylated horse anti-mouse IgG
secondary diluted at 1:1500, washed and incubated in ABC for 1 h. Sections were then
developed in 0.03% diaminobenzidine tetrahydrachloride and 0.003% hydrogen peroxide in
acetate-imidazole buffer with nickel sulfate intensification and then washed. They were
mounted onto gelatin-subbed slides, counterstained with Neutral Red, dehydrated, cleared,
and coverslipped with Permount.

In Situ Hybridization and Autoradiography
The chicken PLP cDNA clone used in this study was provided by Dr. Klaus Nave. In this
clone the chicken cDNA fragments corresponding to the PLP coding region (822 bp) were
subcloned into the pBluescript KS+ phagemid vector (Nave et al., 1987). The cDNA was
linearized using HindIII and 35S-labeled antisense RNA probes were generated by in vitro
transcription using T7 polymerase. The antisense riboprobe contain exon 3B of PLP and is
specific for PLP-mRNA positive oligodendrocytes. Nonspecific sense riboprobes were also
generated for control experiments. For in situ hybridization, sections were mounted on
RNAase-free silane-prep slides. After pretreatment with proteinase K (50 μg/mL), and acetic
anhydride (10 μg/mL), sections were hybridized with riboprobes in hybridization buffer
(Life Technologies, Rockville, MD) at 65°C for overnight. Sections were subsequently
washed with SSC buffer (1 mM NaCl, 1% SDS, 10 mM Na Citrate) at 42°C. For emulsion
autoradiography, slides were dipped in photographic emulsion (NTB2, Kodak, Rochester,
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NY) and exposed before being developed and counterstained. The sense control was run in
parallel with antisense experiments, and was used to monitor the level of background noise
during autoradiography. None of the control experiments showed any labeling in the tissue
sections.

Data Analysis
To quantify the progress of myelination, the numbers and hybridization intensity of PLP-
mRNA positive oligodendrocytes were measured from both rostro-medial (high frequency
coding) NL and caudo-lateral (low frequency coding) NL during postnatal development.
The number of oligodendrocytes, represented by the silver grain clusters under darkfield
illumination, were counted as follows: An eyepiece grid (10 × 10), which covers an area of
187.5 μm × 187.5 μm under the 40× objective, was placed over NL. For each section,
number of oligodendrocytes within NL were counted under both brightfield and darkfield
microscopy sequentially, and position of oligodendrocytes related to the grid area are
marked and compared. Only those that were identified under both conditions were recorded
as positive. Measurements were obtained from each postnatal week up to one month
posthatch. Since the dimension of NL also expands during the first month posthatch, we
expressed changes in terms of oligodendrocyte cell density, which is determined by the
number of oligodendrocytes per grid area, over time.

The hybridization intensity of PLP mRNA was represented by the optical density of silver
grain clusters measured with NIH Image (version 1.61, NIH, Bethesda, MD) and a Scion
LG-3 frame grabber (Scion Corp., Frederick, MD) connected to an Olympus OLY-750
camera and BX60 microscope (Olympus America, Melville, NY). Images of silver grain
clusters were captured under 40× darkfield microscopy and inverted to brightfield images
for uncalibrated optical density measurements. All images were taken under same darkfield
illumination, with the camera gain control set at 18 dB. Under NIH Image, the boundary of
individual silver grain cluster, which corresponds to an oligodendrocyte, was drawn using
the freehand selection tool, and optical density of the average gray value (mean) in the
selection was analyzed. Optical densities of average background value were sampled across
various positions and were consistent along the rostro-caudal NL and across the NL border.
The intensity level of each oligodendrocyte was calculated by first subtracting the
background from the mean optical density in the selection (background-corrected mean),
and then normalized to the cell area.

RESULTS
NM Axons in NL Remain Unmyelinated in Late Embryonic Stages

The eighth nerve innervates NM by embryonic day 17 (E17), and NM axons arrive at NL
between E17-21 (Kubke et al., 2002). Myelin-associated glycoprotein (α-MAG)
immunohistochemistry showed that myelination of the eighth nerve and NM axons had
begun by E18 [Fig. 2(A)]. At this time, the eighth nerve was heavily stained with α-MAG,
and NM axons to both ipsi- and contra-lateral NL were also MAG positive. The proximal
region of NM axons had more α-MAG staining, although a few labeled oligodendrocytes
were also observed at the distal end of NM axons near NL. By E23, shortly after NM axons
had arrived at NL, myelination of the NM axons outside the rostral NL border had begun
[Fig. 2(B,C)]. NM axons that innervated rostro-medial NL [the future high best frequency
region, Fig. 2(B)] were myelinated earlier than those that innervated caudo-lateral NL [the
low frequency coding area, Fig. 2(C)]. A similar pattern to that observed with α-MAG
antibody was found with immunohistochemical staining against proteolipid protein (PLP)
and showed that NM axons outside the NL border of central NL were myelinated by about
E26 [Fig. 2(D)]. By E32, the time of hatching, myelination of NM axons up to the caudal
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NL border had begun [Fig. 2(E,G)]. Some α-MAG labeled oligodendrocytes appeared in
rostral NL, where they appeared to be associated with the thick, mediolaterally oriented
axons of NL neurons. NM axons within NL remained unmyelinated, although
oligodendrocytes were present [Fig. 2(F)]. At this time, there were more oligodendrocytes in
high best frequency coding NL [Fig. 2(E)] than in low frequency coding NL [Fig. 2(G)].
Thus myelination of NM axons within NL was delayed with respect to the NM axons
outside NL.

Myelination of Delay Line Axons Occurs Postnatally Along a Tonotopic Gradient
To investigate whether the delayed myelination of NM axons in NL was correlated with the
shorter internodal distance found in the delay line segment of the axon in the adult NL (Carr
and Konishi, 1990), in situ hybridization was used to detect PLP-mRNA positive
myelinating oligodendrocytes. Quantitative analysis of myelination was possible with PLP
in situ hybridization because its mRNA is located exclusively in the oligodendrocyte cell
body during development (Shiota et al., 1989). The significance of the increase in numbers
of oligodendrocytes during the first month posthatch was, however, obscured by the
expansion of NL itself during the same period. The width of NL, which was parallel to the
length of delay lines, increased from about 200 μm at hatching to about 600 μm at one
month posthatch to 700 μm in the adult (Carr and Boudreau, 1993). We therefore did not use
changes in oligodendrocyte cell number, but oligodendrocyte density (number of
oligodendrocytes per area), combined with measures of PLP-mRNA intensity (measured as
total optical density) to measure the progress of myelination in NL.

To confirm that PLP expression reflected the progress of myelination, ultrastructural
analyses NL were carried out in parallel with the in situ hybridization studies. Embryos
(E23, E31) showed no myelination in NL [Fig. 3(A,B)], while at P8, myelination had begun
in NL [Fig. 3(C)], and myelinated fibers and glial cells were numerous on the NL border
[Fig. 3(F)]. By P12, myelinated axons were distributed throughout rostral and central NL,
although most axons have few myelin lamellae [Fig. 3(D)]. By P20 and P30, most axons in
NL were myelinated [Fig. 3(E,G,H)]. Thus ultrastructural analyses supported the use of PLP
hybridization to quantify the progress of myelination in NL.

In the first week posthatch, PLP mRNA-labeled oligodendrocytes were present along NM
axons projecting to both ipsi- and contra-lateral NL, and a large number of oligodendrocytes
accumulated at the NL border (Fig. 4). At this time, there were more oligodendrocytes in the
high best frequency coding NL [Fig. 4(A–C)] than in the low best frequency coding NL
[Fig. 4(D–F)]. With the increasing presence of myelinating oligodendrocytes in NL, the first
week posthatch marked the onset of myelination of the NM axons in NL. This indicated a
temporal delay of about a week for the myelination of NM axons across the NL border.
Oligodendrocytes in NL could either have been newly generated by oligodendrocyte
progenitors, or could have migrated in from the mass of oligodendrocytes accumulated at
the NL border (see below).

The owl entered a period of maximal head growth at the second week posthatch that
changed the external auditory cues (Haresign and Moiseff, 1988). During this second week,
NL expanded and the numbers of oligodendrocytes increased in NL (Fig. 5). The
hybridization intensity in NL remained lower than outside NL (see below). In the third week
posthatch, numbers of oligodendrocytes in NL and the levels of PLP mRNA continued to
rise (Fig. 6). In addition, the density of oligodendrocytes within NL was greater than outside
NL. Thus, the third week posthatch represented the peak of myelination for NM axons in
NL. At one month posthatch, the oligodendrocyte density in NL was roughly unchanged,
and the PLP mRNA levels of oligodendrocytes remained high (Figs. 7 and 8).
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Oligodendrocyte density in NL increased throughout NL in the first month posthatch
[Kruskal-Wallis one way ANOVA by ranks; p < 0.001, Fig. 8(A)]. The peak of myelination,
indicated by the slope of oligodendrocyte density plot, occurred between the second and the
third postnatal week for the high best frequency coding NL, and from the third to the fourth
postnatal week for the low frequency coding NL. At the end of first month posthatch,
oligodendrocyte density in NL reached adult levels (see next section).

Myelination of the auditory delay lines followed the tonotopic axis. Development of the
auditory brainstem moved from rostro-medial NL (for high best frequency coding) to caudo-
lateral NL (for low best frequency coding), and NM axons in the high best frequency region
of NL matured earlier than those in the low frequency coding region of NL [Fig. 2(B,C)].
The same tonotopic pattern was observed in the production and development of
oligodendrocytes in NL (Figs. 2 and 4), the upregulation of myelin-related genes, and the
subsequent myelination of delay lines (Figs. 3, 5, and 6). Overall, the high best frequency
coding NL developed a few days earlier than the low frequency coding NL, and this
tonotopic difference persisted through third week posthatch [Mann-Whitney rank-sum test;
p < 0.001, Figs. 6 and 8(B)].

Since the myelination pattern in the high best frequency coding NL did not change
substantially between the third week and one month posthatch, we concluded that most if
not all of the delay line myelination had occurred by the end of the first month posthatch.
Thus, auditory delay lines appeared to be functionally mature towards the end of one month
posthatch. This coincides with the time that the head stops growing, and the bird is no longer
subject to changing interaural cues.

Oligodendrocytes Are Restricted from NL by a Developmentally Regulated Glial Barrier
We measured hybridization density inside and outside NL to determine whether
oligodendrocytes in NL were newly generated from oligodendrocyte progenitors in NL, or
whether they had migrated in from the NL border. We assumed that those oligodendrocytes
that had migrated from the border into NL would have comparable PLP mRNA levels to
oligodendrocytes at the NL border. On the other hand, if oligodendrocytes in NL were
newly generated, they should express lower levels of PLP. PLP mRNA level, or
hybridization intensity, was analyzed in oligodendrocytes on either side of the NL border
[Fig. 8(B)]. In both high and low best frequency regions, the PLP mRNA levels of
oligodendrocytes in NL were significantly lower than that of oligodendrocytes at NL border
up to P20 (Mann-Whitney rank-sum test; p < 0.001, except for high frequency area at P9
where p = 0.013). By P30, the difference in PLP mRNA levels across NL border had
decreased (Mann-Whitney test p = 0.339 for rostral NL, and p = 0.006 for caudal NL). The
different PLP mRNA levels across NL border supported the hypothesis that
oligodendrocytes in NL were less mature, and possibly newly generated by oligodendrocyte
progenitors.

During early embryonic development, the O4 monoclonal antibody, which labels sulfated
glycolipids of late stage multi-polar oligodendrocyte progenitors and early stage
oligodendrocytes (Bansal et al., 1989), was used to identify oligodendrocyte progenitors. At
E21, O4 labeled cells were present along NM axons, mainly in the proximal regions [Fig.
9(A)]. By E32, O4 labeled cells were present at the NL border, and some of them have
entered the medial part of NL [Fig. 9(B)]. However, because O4 mainly labeled surface
antigens on the processes of oligodendrocytes and their progenitors, it became difficult to
identify individual cells. Since proliferation of oligodendrocyte progenitors was a late event
compared to that of neurons and astrocytes, only oligodendrocyte progenitors were actively
proliferating in the auditory brainstem at the time of hatching (Hardy, 1997; Parnavelas,
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1999; Ross et al., 2003). Hence, proliferating oligodendrocyte progenitors after hatching
could be identified by their ability to take up BrdU [Fig. 9(C–F)].

Myelination began in rostral NL at about the time of hatching (Fig. 2), and we therefore
examined BrdU uptake at P0 (n = 2). BrdU-labeled cells were evenly distributed in and
around the highest best frequency region of NL [Fig. 9(C)]. In the caudal NL, labeled cells
displayed a distribution pattern related to future tonotopic organization [Fig. 9(D)]. In NL,
the tonotopic gradient is oblique to any transverse section (it runs from rostro-medial to
caudolateral, Fig. 1) and thus each transverse section shows a gradient from higher best
frequency (medial) to lower best frequency (lateral). Consistent with the rostro-caudal
patterns of development observed above, the caudo-medial part of NL contained BrdU-
labeled cells [Fig. 9(E)], similar to that of the high best frequency coding NL [Fig. 2(E)].
However, in the lateral part of NL, BrdU-labeled cells were generally not present in the
nucleus, but were instead restricted to the NL border [Fig. 9(F)]. Since the distribution
pattern of BrdU-labeled cells resembled that of oligodendrocytes in and around the caudal
NL [Fig. 2(G)], it further suggested that oligodendrocytes in NL were newly generated by
putative oligodendrocyte progenitors.

Taken together, we hypothesized that myelination of NM axons in NL was restricted by a
developmentally regulated glial barrier that later decreased, allowing oligodendrocyte
progenitors to migrate into NL and generate oligodendrocytes, which in turn myelinated
delay line axons. Removal of this glial barrier should follow the tonotopic pattern, going
from rostro-medial to the caudo-lateral NL, resulting in a temporal delay on the onset of
myelination of NM axons between the high and low frequency coding NL.

Tenascin-C Is a Candidate for a Developmentally Regulated Glial Barrier in NL
Tenascins are a group of extracellular matrix glycoproteins that may contribute to the
hypothesized glial barrier in NL. Two major forms of tenascins are expressed in the CNS:
tenascin-C (TN-C) and tenascin-R (TN-R) (Fuss et al., 1993). TN-C is mainly produced by
astrocytes and oligodendrocyte progenitors during embryonic development and is largely
absent in the adult (Bartsch et al., 1992; Riou et al., 1992; Gotz et al., 1997; Garwood et al.,
2004), while TN-R is absent during early embryonic development and is constitutively
expressed by oligodendrocytes and their progenitors in the adult (Bartsch et al., 1993;
Pesheva and Probstmeier, 2000; Pesheva et al., 2001).

The expression pattern of TN-C in the auditory brainstem was characterized after
neurogenesis was complete, after E12 (Kubke et al., 2002, 2004). TN-C expression in NL
was divided into four phases (Fig. 10). In phase one, between the second and third
embryonic weeks (E14-19, n = 3), TN-C was found throughout the embryonic brainstem
except the newly formed NL. At this time in development, axons from NM extended toward
NL [Fig. 10(A,B)]. In phase two, at the end of the third embryonic week (E18-E24, n = 5),
TN-C expression had extended into NL [Fig. 10(C,D)]. While TN-C expression levels were
high in NL, its levels outside NL began to decline in the fourth embryonic week. At this
time in development, NM axons had reached NL, NL had expanded from a single layer
cluster to a dispersed multi-layer structure, and synaptogenesis occurred in the expanded NL
(Kubke et al., 2002), and myelination of NM axons proceeded from proximal to distal
regions [Fig. 2(A–D)]. Moreover, there was a correlation between TN-C immunoreactivity
in NL and NL expansion, suggesting that TN-C might play a role when NL expands from
the compact layer observed early in development. In phase three, at the end of the fourth
embryonic week (E24-E28, n = 6), TN-C expression remained high in NL, but declined
outside NL [Fig. 10(E,F)]. During this period, NM axons were myelinated up to the NL
border (Fig. 2), and synaptogenesis in NL appeared to be complete (Kubke et al., 2002). In
phase four, around the time of hatching (E28-E32/P0-P7; n = 7), TN-C levels decreased in

Cheng and Carr Page 7

Dev Neurobiol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



NL. The decrease in TN-C expression followed the rostral to caudal gradient described
above. By the time of hatching, TN-C was no longer detected in the rostromedial part of NL
but remained in the caudolateral part [Fig. 10(G,H)]. By P7, TN-C expression was no longer
detectable in NL (n = 1, data not shown). In the first week posthatch, myelination of the NM
axons in NL began, and the numbers of oligodendrocytes increased in NL (Figs. 3 and 4).

DISCUSSION
Myelination is generally early and synchronous from the cochlear nerve to the inferior
colliculus. This synchronous myelination underlies the establishment of the auditory
brainstem response (Moore et al., 1995). An exception to this rule is the delay in the
myelination of delay line axons in the brainstem circuit used for computation of ITD.
Myelination of the delay line circuit coincides with the period of head growth, and
attainment of stable ITD cues (Figs. 11 and 12).

Plasticity and the Late Onset of Myelination
The late onset of myelination may underlie the formation of short (about 60 μm) internodes
within NL, which in turn would produce the slower conduction velocity that characterizes
the delay line circuit axons in NL (Carr and Konishi, 1990). A similar scenario occurs
during cortical expansion, where regional differences in the degree of myelination alter the
conduction velocity along thalamocortical fibers to preserve the timing of thalamic inputs
(Salami et al., 2003). In peripheral nerve, internodal distances are decided by the degree of
axonal elongation after the onset of myelination (Friede et al., 1981; Hildebrand et al.,
1996). Once myelination has started, no more oligodendrocytes are added, and the existing
oligodendrocytes respond to the axonal growth with elongation, which extends the
internodal distance (Hildebrand et al., 1989). Therefore, the timing of myelination with
respect to axonal elongation contributes to the final internodal distance. In the auditory
brainstem, oligodendrocytes do not appear in NL until first week posthatch, and the peak of
myelination is in the second and third postnatal weeks. This is when NL and the incoming
delay lines expand to reach the adult depth of about 700 μm (Carr and Boudreau, 1993;
Kubke and Carr, 2000). Thus growth of the delay line portion of the NM axons is largely
complete by the peak of the myelination of the delay line axons. The short internodes may
be a consequence of the relative timing of axonal elongation and myelination in this system.
Furthermore, auditory brainstem responses in barn owls are first detectable at P4 (Kubke
and Carr, 2000). Thus, auditory responses are present at the time that auditory delay lines
axons in NL begin to be myelinated. We hypothesize that the timing of myelination during
development provides the adjustments in conduction velocity needed for simultaneous
activation of NL coincidence detector neurons (Leibold et al., 2002).

Axons generally grow into their targets and form connections before they are myelinated.
Therefore, myelination in NL may also be affected by the electrical activity and/or signals of
delay line axons. For example, adenosine promotes differentiation of oligodendrocytes and
myelination in an activity-dependent manner (Stevens et al., 2002). In addition, axon-
derived signals like F3/contactin acts through Notch/Deltex1 signaling cascade to promote
oligodendrocyte differentiation and myelination (Hu et al., 2003). On the other hand,
negative axonal signals like jagged1 (Blaschuk and ffrench-Constant, 1998; Wang et al.,
1998; Bongarzone et al., 2000) and polysialylated-neural cell adhesion molecule (PSA-
NCAM, Charles et al., 2000) act as inhibitors of myelination in oligodendrocytes.
Furthermore, in the barn owl, the timing of myelination of delay line axons coincides with
the establishment of stable ITD cues, raising the question of whether the late myelination of
NM axons in NL permits the delay line circuit to adjust to changing ITDs. There is a
growing body of evidence that myelination reduces the ability of neuronal repair, and the
suppression of myelination might extend the permissive period for repair (Kapfhammer et
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al., 1992; Keirstead et al., 1992; Ghooray and Martin, 1993; Varga et al., 1995). In addition,
CNS myelin provides a non-permissive substrate for neurite outgrowth, while
oligodendrocytes produce several neurite inhibitors like Nogo-A, myelin-associated
glycoprotein, oligodendrocyte myelin glycoprotein, and ephrin-B3 that inhibit growth cone
mobility and fiber growth (Benson et al., 2005; for reviews see Tessier-Lavigne and
Goodman, 2000; Schwab et al., 2006). Antagonists of known neurite inhibitors neutralize
the inhibitory effect of CNS myelin, resulting in significant axon regeneration and improved
functional recovery (Merkler et al., 2001; Li et al., 2004; Liebscher et al., 2005). Therefore,
it is possible that electrical activity affects myelination, and that myelination acts to reduce
plasticity in neural circuits such as the map of ITD.

The myelination of delay line axons in NL coincides not only with the period of head
growth and changing ITDs, but also with the functional maturation of the auditory brainstem
and the development of ITD tuning in NL (Carr, 1995). At P21, auditory brainstem
responses and neurophonic tuning to ITD are present, though not yet adult-like (Carr et al.,
1998; Kubke and Carr, 2000), suggesting that owls are able to localize sound at this age.
Studies from juvenile owls fitted with acoustic filtering devices suggest that the
developmental adjustments required for ITD tuning continue to take place after P25 (Gold
and Knudsen, 2000a,b; DeBello et al., 2001). Hence, myelination of delay line axons may
stabilize the ITD map in NL. The late myelination of the delay line axons may allow the owl
to adjust to changing auditory cues during the first month posthatch.

Developmental Regulation of Tenascin-C
Tenascin-C (TN-C) expression changes during the development of the auditory brainstem in
NL, and might act as a barrier for oligodendrocyte progenitors, preventing them from
entering NL. Changes in TN-C expression are correlated with several morphogenetic
changes in barn owl NL, which undergoes developmental reorganization in the embryo
(summarized in Fig. 11). Early in embryonic development, the owl’s auditory brainstem
exhibits morphology similar to the developing chicken NL, with bitufted NL neurons
organized in compact laminar organization (Kubke et al., 2002). Later, the owl and chicken
patterns of NL organization diverge, and the owl’s NL undergoes secondary morphogenesis
during which the compact, chicken-like laminar organization of NL is lost, and synapses are
redistributed [compare Fig. 10(A,B) and Fig. 10(E,F)]. These events lead to the restructuring
of the ITD coding circuit and the reorganization of the map of ITDs and azimuthal space
(Kubke et al., 2002).

In early development of NL, when NL is organized into a compact lamina, TN-C
immunoreactivity was high surrounding NL, and low or absent inside NL [phase one, Fig.
10(A,B)]. At this time, NM axons made synapses on the distal dendrites of NL (Kubke et al.,
2002). TN-C levels in NL increased during the secondary morphogenetic phase when the
compact, chicken-like laminar organization of NL was lost, and synapses were redistributed
towards the NL cell bodies (Kubke et al., 2002), meanwhile, TN-C began to decline outside
NL [Fig. 10(C,D)]. In phase three, TN-C had disappeared from outside NL and myelination
of NM axons proceeded toward NL [Figs. 10(E,F) and 2(D)]. TN-C expression in NL
gradually declined in the last embryonic week (phase four), and NM axons within NL
remained unmyelinated [Fig. 2(G)]. At the time of hatching (E32/P0), TN-C had
disappeared from most of NL and can only be seen at the lateral end of caudal NL [Fig.
10(G,H)]. By comparison, although oligodendrocyte progenitors were evenly distributed in
the medial part of NL [Fig. 9(E)], they were restricted to the border of the lateral part of
caudal NL [Fig. 9(F)]. Thus, the expression pattern of TN-C was inversely related to the
distribution pattern of oligodendrocyte progenitors, and to the myelination progress of NM
axons, leading to the hypothesis that TN-C in NL might contribute to a barrier for
oligodendrocyte progenitors.
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TN-C inhibits migration of oligodendrocyte progenitors both in vitro and in vivo (Frost et
al., 1996; Kiernan et al., 1996; Garcion et al., 2001). Studies from oligodendrocyte
progenitor cell line CG-4 cells and from rat primary oligodendrocyte progenitor cultures
indicate that TN-C induced the accumulation of β-catenin at focal adhesions, which makes
cells less mobile (Kakinuma et al., 2004). In addition, TN-C is widely expressed in early
stages of CNS development, and is downregulated after maturation (Bartsch et al., 1992). In
NL, the increase of TN-C immunoreactivity occurs around the third embryonic week, just
after NM axons have innervated NL [Figs. 11 and 12(D)].

Similar developmental timetables are found in the olfactory bulb where the formation of
TN-C around glomeruli depends on the olfactory axons (Gonzalez and Silver, 1994), and in
the midbrain substantia nigra, where tenascins are upregulated by nigrostriatal axons
(O’Brien et al., 1992; Gates et al., 1993). In vitro, TN-C expression can be upregulated by
the homeobox family of proteins like Evx-1 (Jones et al., 1992), as well as by cytokines like
PDGF and bFGF (Meiners et al., 1993; Tucker, 1993; LaFleur et al., 1994; Jinnin et al.,
2006), and by β3 integrin-mediated mitogen activated protein (MAP) signal pathways (Jones
et al., 1999). Hence, NM axons may induce TN-C expression in NL via stimulants like
homeobox transcription factors and cytokines, or through integrin-mediated axonal-glial
interactions. Alternatively, TN-C may be transported into NL by tenascin-binding proteins
(Perez and Halfter, 1994) that are upregulated by NM axons in the auditory brainstem.

Downregulation of TN-C in NL occurred after synaptogenesis in NL [Kubke et al., 2002;
Fig. 12(G,H)], and followed a tonotopic pattern, where rostro-medial NL (the future high
frequency coding area) led expression in caudo-lateral NL, the future low best frequency
coding area. Similar TN-C gradients are found in the late embryonic and early postnatal
stages in striatum (O’Brien et al., 1992) and in hippocampus (Ferhat et al., 1996). TN-C is
recognized as a mediator of neuronal-glial interactions, and downregulation of TN-C is an
indicator for functional maturation (Mitrovic et al., 1994; Ferhat et al., 1996). In addition,
TN-C is involved in the regulation of synaptic plasticity and efficacy (Evers et al., 2002;
Strekalova et al., 2002), and may be downregulated by growth hormones such as thyroid
hormone, and by NMDA-dependent neuronal activity in the developing CNS (Mitrovic et
al., 1996; Alvarez-Dolado et al., 1998).

The developmental events in the auditory brainstem are summarized in Figure 11. And the
general sequence of events is hypothesized to be (Fig. 12): (A) Dorsal cell mass formed in
the auditory brainstem after neuronal migration (E8-E14); (B) Separation of NM and NL
neurons (E15-19); (C) NM axons extend through TN-C to reach NL (E17-21); (D)
Myelination of NM axons starts at the proximal ends, and the axonal activity upregulates
TN-C expression in NL (E18-); (E) TN-C acts to detach NL neurons from their substrate
during NL expansion (E19-26) and synaptogenesis in NL begins (E18-); (F) TN-C
expression is downregulated in the region outside NL (−E24). Synaptogenesis in NL
completed (−E24). NM axons are myelinated from proximal to distal ends; (G) NM axons
are myelinated up to the NL border (−E28). Delay line circuitry is established (−E28); (H)
TN-C is downregulated by the activity of the delay line axons in NL (−P2), allowing
dendritic reorganization in NL and myelination of delay line axons to begin.

In conclusion, myelination of auditory delay line axons in NL is delayed with respect to the
proximal portion of the NM axons. This late onset of myelination is correlated with the
shortened internodal distance of delay line axons in NL. We hypothesize that a
developmentally regulated glial barrier restricts oligodendrocyte precursor migration into
NL, and prevents early myelination of delay line axons.
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Figure 1.
Structure and orientation of the auditory brainstem in the barn owl. Diagrams of transverse
sections through the caudal (C) and rostral (R) auditory brainstem nucleus laminaris (NL)
and nucleus magnocellularis (NM). The inset shows a schematic lateral view of an owl’s
brain with the dissection plane (d) and dorsal-ventral (D-V) and medial-lateral (M-L) axes.
Eighth nerve afferents innervate both the level-coding nucleus angularis (NA) and the time-
coding NM. NM projects tonotopically to both ipsi- and contralateral NL. NA and NL
project to the ventrally located superior olive (SO), and to the lemniscal nuclei and the
inferior colliculus in the midbrain (not shown).
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Figure 2.
Myelination of NM axons occurs in the embryo. Immunohistochemistry with anti-MAG (A–
C, E–G) and anti-PLP (D) antibodies showed that at E18, both ipsi- and contra-lateral NM
axons were myelinated at the proximal (P) region (A). At E23, myelination of the distal (D)
regions of NM axons has begun (B, C). At E26, myelinated NM axons have approached the
NL border (D). At E32, NM axons were myelinated up to the NL border, while the auditory
delay lines in NL remained unmyelinated (E, G). One labeled oligodendrocyte in NL from
(E) is shown in high magnification in (F). Note the tonotopic difference between the high
frequency NL (B, E) and its low frequency counterpart (C, G). All arrows mark the NL
border. Scale bar: (A, E, G) 250 μm, (B–D) 50 μm, (F) 5 μm.
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Figure 3.
Distribution pattern of myelinated axons in NL during development. A: E23 NL neurons (*)
surrounded by unmyelinated profiles. At this age, NL neurons are organized into a compact
lamina (note adjacent neuron), and have numerous dendrites that receive synaptic input at
their distal ends (Kubke et al., 2002). B: E31 NL neuron (*) surrounded by unmyelinated
axons and terminals. C: P8 NL neuron with myelinated axon (arrow), surrounded by
unmyelinated axons and terminals. Note that the thick NL axon is myelinated while adjacent
axons, assumed to originate from NM, are unmyelinated. Compare with (F) below. D: P12
NL neuron surrounded by unmyelinated axons and a few myelinated profiles. E: P20 NL
neuron with large myelinated axon (arrow) and many myelinated axons. Note that although
most axons are myelinated, they generally have fewer myelin lamellae than observed in P30
animals (compare with G). F: P8 dorsal NL border (arrows). Note myelinated axons dorsal
to the border, glial cells, and unmyelinated axons within NL. G: P30 NL neuron with large
myelinated axon (arrow) and myelinated axons. The myelinated axons cut in cross-section
may originate from NM, since they are oriented orthogonal to the NL axons. H: P30
myelinated axons in NL (arrow), with an entire internode visible (arrow heads at nodes).
Scale bar: 10 μm.
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Figure 4.
Delay lines remain unmyelinated until the first week posthatch. In situ hybridization with
anti-sense PLP riboprobes in both high frequency coding NL (A–C) and low frequency NL
(D–F) at 5 days posthatch (P5). Large numbers of oligodendrocytes accumulated at the NL
border with a small portion of oligodendrocytes within NL. The increasing number of
oligodendrocytes in NL marked the onset of myelination of delay lines. (A/B) and (D/E) are
same images taken under bright field microscopy (A, D) and dark field microscopy (B, E),
respectively. (C, F) are higher magnifications of (B, E). Arrows mark the NL border. Scale
bar: (A, B, D, E) 250 μm, (C, F) 50 μm.
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Figure 5.
Numbers of oligodendrocytes in NL increase in the second week posthatch. In situ
hybridization using anti-sense PLP riboprobes in both high frequency coding NL (A–C) and
low frequency NL (D–F) at P12 showed that numbers of oligodendrocytes at the NL border
decreased and numbers of oligodendrocytes in NL increased. Also, oligodendrocytes outside
NL have higher PLP mRNA levels than oligodendrocytes within NL. (A/B) and (D/E) are
same images taken under bright field microscopy (A, D) and dark field microscopy (B, E),
respectively. (C, F) are higher magnifications of (B, E). Arrows mark the NL border. Scale
bar: (A, B, D, E) 250 μm, (C, F) 50 μm.
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Figure 6.
Myelination of delay lines peaks in the third week posthatch. In situ hybridization with anti-
sense PLP riboprobes in both high frequency coding NL (A–C) and low frequency NL (D–
F) at 20 days posthatch (P20) showed that both the numbers of oligodendrocytes in NL and
their PLP mRNA levels continued to rise between P12 and P20. Notice that the tonotopic
difference between the high and low frequency coding NL decreased. (A/B) and (D/E) are
same images taken under bright field microscopy (A, D) and dark field microscopy (B, E),
respectively. (C, F) are higher magnifications of (B, E). Arrows mark the NL border. Scale
bar: (A, B, D, E) 250 μm, (C, F) 50 μm.
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Figure 7.
Auditory delay lines are myelinated by the end of one month posthatch. In situ hybridization
was carried out with anti-sense PLP riboprobes in both high frequency coding NL (A–C)
and low frequency NL (D–F) at 30 days posthatch (P30). Numbers of oligodendrocytes and
their PLP mRNA levels remain high. However, the tonotopic difference between the high
and low frequency coding NL no longer exists. (A/B) and (D/E) are same images taken
under bright field microscopy (A, D) and dark field microscopy (B, E), respectively. (C, F)
are higher magnifications of (B, E). Scale bar: (A, B, D, E) 250 μm, (C, F) 50 μm.
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Figure 8.
Auditory delay lines are myelinated by the end of one month posthatch. Both
oligodendrocyte density (A) and PLP mRNA hybridization intensity (B) were at or close to
adult levels at one month posthatch. A: Mean numbers of oligodendrocytes per grid area
(187.5 μm × 187.5 μm) were counted both inside and on the borders of both rostral, high
best frequency NL and caudal, low best frequency NL. The number of sampled grid areas
per time point varied from 7 to 30, with a mean of 16 counts per point. B: Oligodendrocyte
hybridization intensity was measured at four ages, P2 (n = 3), P9 (n = 1), P20 (n = 2), and
P30 (n = 2), both inside and on the borders of both rostral and caudal NL. The range of
oligodendrocytes measured per age and location was 32–122 (mean 74.2 ± 24.3; n = 16).
Oligodendrocytes at NL border have significantly greater PLP mRNA levels than those
inside NL during the first three weeks posthatch (**Mann-Whitney rank-sum test; p < 0.001,
except for the high frequency area at P09 where p = 0.013).
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Figure 9.
Distribution pattern of oligodendrocyte progenitors in NL at P0. Immunohistochemistry with
anti-O4 (A, B) and anti-BrdU (C–F) antibodies. At E21, O4-positive cells were present
along the NM axons (A). At E32/P0, O4 labeled cells reached the NL border (B). Also, at
E32/P0, BrdU labeled oligodendrocyte progenitors were evenly distributed in the high
frequency coding NL (C). In the low frequency coding NL (D–F), while BrdU-labeled cells
were evenly distributed in the medial part of NL (E), the distribution of BrdU-labeled cells
were restricted to the border of the lateral NL (F). Scale bar: (B–D) 200 μm, (A, E, F) 50
μm.
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Figure 10.
Development of Tenascin-C (TN-C) in the auditory brainstem. Immunohistochemistry with
M1-B4 (anti-TN-C) antibody. At E17, strong TN-C expression was found in the auditory
brainstem, but not in NL (A, B). At E23, TN-C immunoreactivity appeared in NL, and
declined outside NL (C, D). At E27, TN-C remained in NL, but was no longer detected
outside NL (E, F). At E32/P0, weak TN-C expression was observed in the lateral but not
medial region of caudal NL (G, H). M: the medial part of NL; L: the lateral part of NL.
Scale bar: (A, E, G) 200 μm, (B, C, F, H) 50 μm and (D) 25 μm.
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Figure 11.
Developmental timeline of auditory brainstem in barn owls. The timelines for myelination
and tenascin-C expression in the auditory brainstem were compared to other developmental
events in the nucleus magnocellularis (NM) and nucleus Laminaris (NL) between embryonic
stages (E) and one month posthatch (P30). The diagram summarizes the results of this study
and others. (1Kubke and Carr, 2000; 2Kubke et al., 2004; 3Kubke et al., 2002).
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Figure 12.
Tenascin-C and a model of the development of the auditory delay line circuit. This model
incorporates timelines for the development of myelination and hypothesized function for
tenascin-C (TN-C) expression in the auditory brainstem with other developmental events in
the nucleus magnocellularis (NM) and nucleus Laminaris (NL) between embryonic stages
(E) and one week post-hatch (P7). Cited references refer to developmental events in the
auditory brainstem. (A–C, E8-E18): A and B, TN-C (even grey or green fill) guides the
migrating neuronal precursors to form dorsal cell mass and subsequent separation of NM
and NL (Kubke et al., 2004, Kubke et al, 2002). C: NM axons then extend through TN-C to
reach NL (Kubke et al, 2002). (D and E, E18-E24): D, Axonal innervation upregulates TN-
C in NL, while TN-C declines outside NL (Kubke et al., 2002). Myelination of NM axons
starts at the proximal ends. E, TN-C detaches NL neurons and synaptogenesis in NL begins
(Kubke et al., 2002). (F and G, E24-E28): F, TN-C has disappeared from outside NL, NL
neurons have expanded into a multi-layer structure, and myelination of NM axons proceeds
toward NL (Kubke and Carr, 2000; Kubke et al., 2002). G: Myelination of NM axons
outside NL and synaptogenesis in NL is largely complete and the delay line circuitry is
established (Kubke and Carr, 2000; Kubke et al., 2002). (H, E28-P7): TN-C is
downregulated in NL, permitting dendritic reorganization and initiation of myelination of
the delay line axons in NL (Kubke and Carr, 2000).
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