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Both the lateral olfactory tract (LOT) and anterior limb of the anterior commissure (AC) carry olfac-
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tory information. The LOT forms the projection from the olfactory bulb to the ipsilateral olfactory
cortices, while the AC carries odor information across the midline to the contralateral olfactory
cortex and bulb. The LOT and AC differ on a number of dimensions, including early development
and functional onset. The present work, examining their myelination in mice, reveals additional

important differences. For example, the LOT initiates myelination 3-4 days earlier than the AC,
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evidenced by both an earlier increase in myelin basic protein staining seen with immunohistochem-
istry and an earlier appearance of myelinated fibers using electron microscopy. While both exhibit
a period of rapid myelination, it occurs 4-5 days earlier in the LOT than the AC. The tracts also
respond differently to early sensory restriction. Unilateral naris occlusion from the day after birth
to postnatal day 30 had no consistent effects on the AC but resulted in significantly thinner myelin
sheaths relative to axon caliber in the LOT. Finally, the two tracts differ structurally (the LOT con-
tains larger, more densely packed axons with significantly thicker myelin sheaths resulting in a
conduction velocity that is more than twice as fast as the AC). The findings indicate that these two
large, accessible tracts provide an important means for studying brain maturation due to basic dif-

ferences in both the timing of their maturation and general organization.
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1 | INTRODUCTION

recognize caregivers (Logan et al., 2012). Two large myelinated tracts

exclusively carry olfactory information: the lateral olfactory tract (LOT)

The onset of myelination is a significant milestone in the development of
neural circuits in humans (Jakovcevski et al., 2009) and rodents (Downes
& Mullins, 2014) as myelin provides trophic and structural support for
axons and substantially increases conduction velocity (Aggarwal et al.,
2011). Disrupted myelinogenesis, occurring naturally in developmental
forms of leukodystrophy, results in a broad array of symptoms similar to
those observed in demyelinating disorders such as multiple sclerosis
(Medina, 1993; Padiath et al., 2006). The timing of myelination differs
between functional systems and brain regions (Foran & Petersen, 1992;
Sampaio & Truwit, 2001) and continues well into postnatal life (Baumann
& Pham-Dinh, 2011; Gottlieb et al., 1977; Watson et al., 2006).

The olfactory system is crucially important for mammals at birth as

odors provide information essential for pups to locate sustenance and

and anterior limb of the anterior commissure (AC). These two tracts are
functionally and geographically distinct (Figure 1). The LOT, found on
the ventrolateral surface of the telencephalon, consists of axons carry-
ing sensory information from the olfactory bulb (OB) to olfactory corti-
ces. Axons from OB mitral cells project into the LOT very early during
development, beginning around embryonic day (E)13 in mice and con-
tinuing until E16. By 2 weeks after birth, collateral projections are well
established (Blanchart et al., 2006; Brunjes et al., 2014; Walz et al,
2006).

Two regions of the olfactory cortex, the anterior olfactory nucleus
(AON) and anterior piriform cortex, project across the midline via the
AC to homologous structures on the contralateral side (Brunjes, 2013;
Haberly & Price, 1978). The AC is well separated from olfactory
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FIGURE 1 General organization of the LOT and AC. (a) Lateral view of the mouse brain. The LOT (dotted line) originates in the OB and
projects ipsilaterally to the AON and piriform cortex (PC). Solid red line indicates the approximate level of coronal (b) Nissl- and (c) myelin-
stained sections. Myelin stained with Black Gold (Schmued, 1990). (b) The LOT (arrowhead), on the ventrolateral surface of the olfactory
peduncle, is adjacent to the AON pars lateralis. The AON is comprised of two zones, the outer plexiform (AON 1) and an inner cellular (AON
1) layer. The anterior (olfactory) limb of the AC (ALAC, arrow) courses lateral to the rostral migratory stream (subventricular zone: SVZ) in
the center of the olfactory peduncle. (c) Myelin-stained section through similar region demonstrating the location of the LOT and AC. (d)
Dorsal view of the mouse brain. The AC (dotted line) contains axons arising in the AON and PC that innervate the contralateral PC, AON,
and OB. Solid red line indicates the approximate level of coronal section in (e) and the green, midsagittal line depicts the plane of section in
panels (f) and (g). (e) Myelin-stained coronal section at the level where the AC crosses the midline. (f and g) Sagittal sections taken near the
midline demonstrate a clear difference between the anterior (olfactory, ALAC) and posterior (PLAC) limbs of the AC in both cell body den-

sity (f, Nissl stain) and extent of myelination (g, myelin stain). D = dorsal; R = rostral

processing regions. It is about 4 mm caudal to the OB in mice, and runs
deep in the olfactory cortex, well away from the LOT (Figure 1d). While the
AC is composed of three divisions, only the anterior limb carries olfactory
information (Brunjes, 2013). There has been little work on the postnatal
development of the anterior limb of the AC (Sturrock, 1976) though our
previous results indicate that a rapid increase in myelin basic protein (MBP)
expression occurs from postnatal day (P)11-P14 (Brunjes et al., 2014).

In this study, the onset and progression of myelination in the LOT
and AC were examined in several ways. First, oligodendrocyte matura-
tion was tracked based on the expression of several molecular indices
including an early precursor marker (platelet-derived growth factor
receptor o, PDGF; Calver et al., 1998; Fruttiger et al., 1999; Pringle
etal., 1992), a later precursor marker (neural-glial antigen 2, NG2; Nish-
iyama et al., 2009, 1996; Rivers et al., 2008), a marker for mature oligo-
dendrocytes (CC1; Bhat et al., 1996; Ness et al., 2005), a marker for
compact myelin sheaths (MBP; Asou et al., 1995; Shiota et al., 1989),
and one oligodendrocyte transcription factor expressed at all stages of
development (Olig2; Takebayashi et al., 2002). Second, electron micros-
copy (EM) was used to quantify developmental changes in myelin
sheath thickness and myelinated axon caliber in each tract as well as
the numbers and percentages of myelinated axons. Functional differen-
ces in the composition of the two tracts were tested by measuring their
conduction velocities. Finally, the effects of early sensory deprivation
on LOT and AC myelination were assessed. Substantial evidence indi-
cates that experience plays a critical role in developing and maintaining

proper central nervous system (CNS) myelination. For instance, early
social isolation results in oligodendrocytes with shorter myelinating proc-
esses, fewer branch points and fewer internodes in the prefrontal cortex
as well as impaired performance on social interaction and working mem-
ory tasks (Makinodan et al., 2012). Light deprivation alters myelin forma-
tion as well as conduction velocity within the optic nerve (Etxeberria
et al., 2010). Functional deprivation is easily accomplished in the olfactory
system by surgically closing one naris, reducing airflow and odorant avail-
ability in one half of the nasal cavity (Brunjes, 1994; Coppola, 2012).
Naris occlusion has been demonstrated to cause many changes in the
OB including a 25% reduction in volume by P30. Deprivation of primary
sensory information might not have the same effect on the myelination
of the LOT and AC due to their different roles in olfactory processing. To
test this hypothesis, a separate group of animals underwent unilateral
naris occlusion on P1 were reared until P30 and were analyzed for differ-

ences in oligodendrocyte maturity and extent of myelination.

2 | MATERIALS AND METHODS

2.1 | Animals

Male and female C57BL/6J mice (Jackson Labs; Bar Harbor, ME) were
housed in standard polypropylene cages with food (8604, Harlan, Fred-
erick, MD) and water ad libitum in a temperature-controlled room on a

12:12 light:dark cycle. Data were collected from three to eight pups for
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TABLE 1 Antibodies

Antigen Immunogen Manufacturer

Olig2 Recombinant mouse Olig2 Millipore (Temecula, CA)

PDGF-Ra Mouse myeloma cell line R&D Systems
NSO-derived recombinant (Minneapolis, MN)
mouse PDGF-Ra

NG2 NG2 chondroitin sulfate Millipore (Temecula, CA)
proteoglycan from rat

CC1/APC Recombinant protein consisting Millipore (Temecula, CA)
of amino acids 1-226 of APC

MBP Human myelin basic protein Millipore (Temecula, CA)

each measure on P7, 9, 10, 11, 13, 15, 17, 20, 25, and 30 (the day of
birth = P0O). A separate group of animals underwent unilateral naris
occlusion, accomplished by anesthetizing P1 pups via hypothermia and
briefly applying a cautery to the right external naris, and then rearing
the pups to P30 (Coppola, 2012). Preliminary observations indicated no
differences between male and female pups at these early ages; as a
result, each treatment group consisted of both sexes. Finally, conduc-
tion velocities were measured in 3-month-old adult female mice. All
procedures were performed according to National Institutes of Health
guidelines and protocols approved by the University of Virginia IACUC.

2.2 | Analysis of oligodendrocyte maturation

Mice were deeply anesthetized with sodium pentobarbital (Euthasol;
0.39 mg drug/g body weight; 150 mg/kg; APP Pharmaceuticals;
Schaumburg, IL) and perfused intracardially with 0.01 M phosphate
buffered saline (PBS; pH 7.4) followed by 4% buffered formaldehyde.
Brains were post-fixed for at least 2 hr. Sixty micrometer coronal vibra-
tome sections were rinsed four times for 5 min in PBS, and then incu-
bated in 0.01 M citrate buffer (pH 8.5) at 80°C for 25 min (Jiao et al.,
1999). Tissue was cooled to room temperature, washed twice in PBS
for 3 min, and permeabilized in 0.03% Triton in PBS (TW). Sections
were then placed into a blocking solution (0.5% normal donkey serum
in TW; Jackson ImmunoResearch, West Grove, PA) for 1 hr, followed
by overnight incubation in primary antibody (Table 1) at 4°C.

Sections were then rinsed four times in PBS and placed in a sec-
ondary antibody solution (1/250-1/500 in TW: Jackson ImmunoRe-
search, donkey anti-rabbit: Catalog number, 711-165-152 or 711-545-
152; donkey anti-goat: 705-165-147 or 705-545-147; donkey anti-
mouse: 715-485-150 or 715-545-151) for 2 hr. Tissue went through a
final 4 X 5 min PBS rinse before being mounted on slides with Slow-
Fade mounting media (Invitrogen: S36937).

2.3 | Antibody characterization

Cells within the oligodendrocyte lineage were identified using a rabbit
polyclonal antibody against the protein encoded by the Olig2 gene,
which is specific to the basic helix-loop-helix transcription factor

expressed in oligodendrocytes (Millipore, Cat# AB9610). This antibody
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RRID Cat./lot number Species Dilution

AB_10141047 AB9610 Rabbit polyclonal 1/500
2728398

AB_2236897 AF1062 Goat polyclonal 1/200
HMQ0215111

AB_11213678 AB5320 Rabbit polyclonal 1/200
2517782

AB_2057371 OP80 Mouse monoclonal 1/500
D00172565

AB_2140491 NE1019 Mouse monoclonal 1/500
D00174372

recognizes the ~32 kDa Olig2 protein as shown with western blotting
on mouse brain lysate (manufacturer’s product insert, Table 1) and has
been verified for use in labeling both immature as well as mature oligo-
dendrocytes (Mateo et al., 2015; Wahl et al., 2014). Specificity of stain-
ing to oligodendrocytes in our samples was confirmed by an absence
of labeling in neurons and dense labeling in white matter tracts.

Oligodendrocyte precursors were identified using a rabbit polyclo-
nal antibody against the NG2 integral membrane chondroitin sulfate
proteoglycan (Millipore, Cat# AB5320) and a goat polyclonal antibody
against the PDGF receptor o (R&D Systems, Cat# AF1062). Specificity
of the antibody to the ~320 kDa NG2 protein has been confirmed by
western blot (Shearer et al., 2003). The NG2 protein is found on the
surface of a group of cells which demonstrate properties of O-2A (oli-
godendrocyte-type 2 astrocyte) progenitor cells. The NG2 proteogly-
can has been found on nonoligodendroglial cells such as pericytes
(Stanton et al., 2015) and tumor cells (Al-Mayhani et al., 2011) but
within white matter tracts is largely restricted the surface of oligoden-
droglia prior to terminal differentiation (Dawson et al., 2003). While
NG2 is not expressed in all oligodendrocyte progenitor cells, NG2
immunopositive cells represent a significant proportion of precursor
cells within the oligodendrocyte lineage (Nishiyama et al., 1996). Speci-
ficity to the 160-200 kDa PDGFRa protein has been confirmed
through western blots (manufacturer’s product insert, Table 1) and a
lack of staining in conditional PDGFRa knockout mice (Matoba et al.,
2017). PDGFRa is found on many types of proliferating cells, including
immature oligodendrocytes (Bergsten et al., 2001; Gilbertson et al.,
2001).

Mature oligodendrocytes were identified using a mouse monoclo-
nal antibody against the tumor suppressor adenomatous polyposis coli
(APC; Millipore, Cat# OP80). Specificity to the ~321 kDa APC protein
has been confirmed via western blots (Smith et al., 1993). APC is a
genetic clone of CC1, which has been shown to be specific to oligoden-
drocytes in the rodent CNS (Bhat et al., 1996). Myelin sheaths were
identified using a mouse monoclonal antibody against the ~21 kDa
form of MBP (Millipore, Cat# NE1019). Specificity to myelin sheaths
has been confirmed in both developing and mature myelin sheaths
through co-expression with proteolipid protein, a known component of
myelin sheaths (Grishchuk et al., 2015). Labeling in our samples was
consistent with known patterns of myelination in the CNS.



COLLINS ET AL

MWI LEY

THE JOURNAL OF COMPARATIVE NEUROLOGY

2.4 | Imaging and analysis

To facilitate comparisons across ages and subjects, only sections from
standardized locations were used to gather data. For the LOT, sections
were chosen in which the AON forms a complete ring around the sub-
ventricular zone (Figure 1b,c). For the AC, sections were chosen at the
point where the AC crosses the midline (Figure 1e). Analysis of the AC
sections was restricted to the area ~1 mm to each side of the midline
in order to assure that only the anterior limb of the AC was sampled.
Images were taken with a 20X objective using a Nikon 80i confocal
microscope (Nikon Instruments, Inc., Melville, NY). Three optical sec-
tions separated by 3 um were imaged and collapsed. Image montages
were constructed and minimally adjusted for brightness and contrast
with Adobe Photoshop (San Jose, CA). Within the area of analysis, total
numbers of labeled cell bodies were counted. A cell body was counted
if part of a somatic profile could be discerned. Because this counting
method might overestimate the density of larger cells and because the
markers we used are known to target different stages in the lineage of
one population of cells, we were careful to confirm that there were no
differences in the size of the labeled figures that might bias cell counts.
Mean cell soma profile diameter was calculated using ImageJ (Rasband,
1997) for 50 cells for each marker (Guillery & Herrup, 1997). No differ-
ences were found between Olig2 (M =7.86+SD =1.16 um), PDGF
(8.60=2.03 pm), NG2 (8.11+1.70 um) and CC1 (8.75 +2.22 pum;
F=262, p=.06), indicating that there was an equal probability of
encountering any labeled cell type in a given sample. These findings
indicate that the different cell populations do not differ significantly in
size and therefore no sampling correction was applied. They further
suggest that as oligodendrocytes progress through early stages, rela-
tively little change occurs in cell body size. Cell density was calculated
for Olig2, PDGF, NG2, and CC1 by dividing the number of labeled cells
by the measured area of the LOT or AC. For MBP, which does not label
somata, images were converted to 8-bit black and white images, Image
J's white default thresholding setting was applied, and the area fraction
measurement (A/A: proportion of labeled to total pixels) obtained to
estimate developmental changes in labeling. Means and standard devia-
tions were calculated and one-way analyses of variance with Bonferro-
ni's multiple comparison post hoc tests were used to determine

differences between groups.

2.5 | Analysis of myelin development

A separate group of animals (three animals/age group: P7, 9, 11, 13,
15, 17, 20, 25, 30) was perfused with a solution containing 2% parafor-
maldehyde and 2% glutaraldehyde. Their brains were removed and
post-fixed for at least 2 hr and then sectioned in the coronal plane at
60 um with a vibratome and the specimens prepared for EM. Tissue
was rinsed with 0.1% phosphate buffer (PB) and postfixed with OsO,
for 1 hr. Following post-fixing, tissue was sequentially dehydrated,
counterstained with 4% uranyl acetate in 70% ethanol for at least 1 hr
and embedded in EPON resin. Tissue was then sectioned using an
ultramicrotome (Leica UC7). Images were taken at either 2,500X or
6,000X magnification with a JEOL 1010 transmission electron

microscope. Axons were considered to be promyelinated if an oligo-
dendrocytic process had begun wrapping the profile and myelinated if
multiple (>1.5) complete wraps of myelin sheath could be observed.
Counts of unmyelinated, promyelinated, and myelinated axons per unit
area were made and samples of more than 1,000 axons from at least
two animals were used to estimate the percentage of axons myelin-
ated, promyelinated, or unmyelinated at P11, 13, 15, 17, 20, 25, and
30. Myelin thickness was measured as the distance between the inner-
most and outermost point of compacted segments (Figure 6b). Axon
caliber was estimated by calculating the diameter of a circle with the
same circumference as the perimeter of myelinated axons. For naris
occlusion studies, g-ratios (Chomiak & Hu, 2009; Rushton, 1951) were
calculated by dividing the axon caliber by the diameter of the combined
axon and myelin sheath. ImageJ was used for all measurements. Means
and standard deviations were calculated for each animal on each mea-
sure and non-parametric statistics (Mann-Whitney U and Kruskal-

Wallis H tests) were used to determine differences between groups.

2.6 | Measurements of conduction velocity

Three-month-old female mice were sedated with a 0.32 mg/kg, i.m.
injection of medetomidine hydrochloride (Domitor, Pfizer Animal
Health), anesthetized with 40 mg/kg, i.m., ketamine hydrochloride
(Ketaset, Fort Dodge Animal Health) and placed into a stereotaxic
instrument. For studies of the AC, a bipolar stimulating electrode
(WE3CEAS, Microprobes, Gaithersburg, MD) and a tungsten monopo-
lar recording electrode (30020, FHC, Bowdoin ME; ~0.5MQ) were
placed on opposite sides of the brain ~2.0 mm rostral to bregma,
1.5 mm lateral to the midline and 3.4 mm ventral to surface of the
brain. For studies of the LOT stimulating electrodes were placed
approximately 2.0 mm rostral to bregma, 3.4 lateral of the midline and
2.0 mm ventral to the surface of the brain while recording electrodes
were located 2.0 mm caudal to bregma, 3.4 lateral of the midline and
3.4 mm ventral to the surface of the brain. Rhythmic electrical stimuli
were administered in at least three positions: when recording electro-
des were ~0.2-0.3 mm superficial to the target, at the target site, and
~0.2 mm deeper than the target site. After data were collected the
position of the stimulating electrode was varied either 0.2 mm deeper
or superficially and new recordings then made from the deep, target
and superficial sites again. At each position trains of 10-15 pulses (0.2
ms positive) were administered at 10 intensities ranging from 0.01-1
mV. Recordings of evoked potentials were made with Chart software
(ADInstruments). Electrode placement was verified histologically in
cases where stimulus-evoked changes were confined to the target
location. Mice were perfused as described above and serial 60 um
vibratome sections collected and Nissl-stained. Section thickness was
verified in control tissue by staining all cells with a fluorescent marker
(Sytox, S7020, Molecular Probes) and the top and bottom borders of
the section located with a confocal microscope. The averages of these
measurements were nearly identical (<2%) with the nominal 60 pm.
Estimates of the distance between stimulating and recording electrodes
were made from 3D reconstructions of the brains with Neurolucida,

(MBF Biosciences, Williston, VT). The time between stimulation offset
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FIGURE 2 Early oligodendrocyte maturation in the developing LOT and AC, including representative sections immunostained for Olig2,
PDGF, or NG2 at P10, 20, and 30. Dotted lines indicate tract boundaries. (j and t) Quantification of cell density of Olig2 (green), PDGF
(blue), and NG2 (red) in the LOT and AC. Olig2 labeling (a marker for all cells in the oligodendroglial lineage) did not change over time in
either tract (a-c, k-m). Developmental changes in PDGF + cell density were observed between the LOT and AC. A significant decrease in
PDGF labeling was observed in the LOT between P10 and P20 (j) and in the AC between P20 and P30 (t). NG2 labeling remained
consistent over time in both tracts. Error bars represent standard deviation. *p <.05

and the peak of the evoked potential measured in the recording elec-

trodes was measured offline with Chart software (ADInstruments).

3 | RESULTS

3.1 | Survey of postnatal development: light
microscopy

To provide a general overview of myelination, three ages were chosen
for examination: P10 (an immature stage before ear or eye opening),
P20 (near weaning), and P30 (when OB growth has reached asymptote;
Hinds & Hinds, 1976; Rosselli-Austin & Altman, 1979). All measure-
ments were made at the standardized locations described above (Fig-

ure 1).

3.1.1 | Lateral olfactory tract

As a first step, the total density of all cells in the oligodendrocyte line-
age was determined using the pan-oligodendroglial marker Olig2. In
the LOT, Olig2+ cell density was higher at P10 (Mean = 15.55 + 5.91
cells/10 mm?) than at P20 (M =9.11+ 147 cells/10 mm? or P30
(M=11.77 +2.92 cells/10 mm?; Figure 2a-c,s), although no statisti-
cally significant trends were found. To determine whether the higher
density of Olig2+ cells seen in early ages could be attributed to a high

precursor population, two glial precursor cell markers that are co-

expressed in early progenitor cells (Nishiyama et al., 2009) were used.
While both PDGF and NG2 label a significant proportion of oligoden-
drocyte progenitor cells, neither antigen alone labels the entire popula-
tion (Nishiyama et al, 2009, 2002). A developmental decrease in
PDGF+ cell density was observed during the study period, with most
of the change occurring between P10 (M = 7.09 + 1.29 cells/10 mm?)
and P20 (M = 3.93 + 0.32 cells/10 mm?; t = 4.374, p < .05, Figure 2g-
i,s). A further decrease occurred by P30 (M=241+0.77 cells/
10 mm?). NG2 showed a different developmental pattern, with little
change over time (F = 1.636, n.s.; Figure 2m-0). NG2+ precursor cell
density at P10 (M = 5.67 = 2.19 cells/10 mm?) was statistically similar
to that seen at both P20 (M=7.38 +2.60 cells/10 mm?) and P30
(M =4.38 +0.97 cells/10 mm?; Figure 2s). The large decrease in PDGF
staining between P10 and P20 suggested that during this period a sub-
stantial proportion of oligodendrocytes in the LOT reach maturity.

To confirm the developmental changes suggested by precursor
labeling, terminally differentiated oligodendrocyte density was deter-
mined by the expression of CC1, and the maturation of myelinating
sheaths was assessed by the expression of MBP. CC1 staining signifi-
cantly changed with age (F = 5.24, p <.05) with a substantial increase
occurring between P10 (M=4.01+1.06 cells/10 mm?) and P20
(M=12.75+ 3.11 cells/10 mm?; t = 2.84, p <.05) and a 65% decrease
by P30 (M = 8.32 + 4.69 cells/10 mm?; Figure 3a-g). At P20 and P30
CC1+ cells exhibited a similar density as Olig2+ cells, indicating that
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FIGURE 3 Later oligodendrocyte maturation in the developing LOT and AC. Representative LOT (a-f) and AC (h-m) sections
immunostained for Olig2 (green) and CC1 (a marker for mature oligodendrocytes; red) at P10, 20, and 30. Dotted white boxes represent
area enlarged in inset panels at right. Note the increase in colabeling (yellow) over time in both the LOT and AC. Scale bar = 100 um. Inset
scale bar =50 pm. (g,n) Quantification of CC1 staining confirmed that between P10 and 20 large increases in CC1+ cell density occurred in
the LOT while in the AC a more slight, steady increase was observed. Circles represent mean recorded density for each animal and bars

represent average density across three animals. *p <.05

by that time most Olig2+ cells in the LOT are mature oligodendrocytes
(Figure 3d,f). Co-labeling of Olig2 and CC1 confirmed that by P20 most
Olig2+ cells are also CC1+. Indeed, substantial myelination was
already exhibited by P10 in the LOT as evidenced by the density of
MBP staining (A/A = 33.85 = 5.33; Figure 4a). At this time, the AON
showed no signs of myelination (Brunjes et al., 2014). The amount of
MBP labeling in the LOT increased across the period observed
(F=47.78, p<.001). Between P10 and P20 MBP labeling almost

doubled (A/A = 64.66 + 7.6, t = 6.90, p < .01) and slightly rose by P30
(A/JA=76.04 +1.73; t=2.55, n.s,; Figure 4a-d).

3.1.2 | Anterior commissure

At P10 both the LOT and AC exhibited similar Olig2+ cell density (AC:
M= 12.78 = 1.51 cells/10 mm?). Density peaked at P20 (M = 18.96 =
1.82 cells/10 mm?) and slightly decreased by P30 (M = 14.01 + 4.55
cells/10 mm?; Figure 2d-f,t). Similar to the LOT, PDGF+ precursor cell
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FIGURE 4 Development of myelin sheaths in the LOT and AC. Representative LOT (a-c) and AC (e-g) sections immunostained for MBP, a
marker of myelin sheaths, at P10, 20, and 30. Note the high-staining density in the LOT as early as P10 (a), a time when very little myelin
can be seen in the anterior limb of the AC (arrow) as it extends through the AON or in the AC as it crosses the midline (e). A rapid increase
in MBP labeling occurred in the LOT between P10 (a) and 20 (b), confirmed by quantification of the area fraction (proportion of labeled to
total pixels. (d) Note the difference in the timing of myelination between the LOT and the adjacent AON pars lateralis. While little myelin
staining is present in the AON at P10, a large increase occurs between P20 and 30 (b,c). Significant increases in MBP labeling were
observed in the AC between P10 and 20 as well as between P20 and 30 (e-h). Scale bars = 100 um. Error bars represent standard devia-

tion. **p <.01

populations in the AC decreased over time (F = 10.03, p <.05), but the
change occurred later. No difference was observed between P10
(M=4.88+093 cells/10 mm? and P20 (M=566+0.24 cells/
10 mm?), but a significant decrease occurred by P30 (M = 3.25 + 0.66
cells/10 mm?; t = 4.39, p <.05; Figure 2j-1,t). NG2 labeling followed a
different pattern than PDGF, with no significant changes over time
(F=0.651, ns.; Figure 2p-rit). At P10, the density of NG2+ cells
(M =4.61 + 0.98) was statistically similar to the values recorded at P20
(3.89 £ 0.65 cells/10 mm?) and P30 (M =4.35 = 0.65 cells/10 mm?).

At P10, the AC showed little evidence of myelination, with low CC1
staining (M = 4.03 = 1.14 cells/10 mm?; Figure 3h-i) and few nascent
MBP+ sheaths present (A/A= 8.01 + 1.32; Figure 4e). CC1 staining
increased between P10 (M =4.03=+1.14 cells/10 mm?) and P20
(M=578+087 cells/10 mm?) and continued to rise to P30
(M= 6.56 + 1.02 cells/10 mm?; Figure 3h-n). Between P20 and P30, a
large increase in the number of cells co-expressing Olig2 and CC1 was
observed (Figure 3j-m). MBP staining rapidly increased across time
(F=66.07, p<.0001). A large (292%) increase in MBP labeling was
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FIGURE 5 Comparison of the period of rapid myelination in the LOT and AC. Tissue was immunostained for Olig2 (green), PDGF (blue),
and MBP (red). (a-c) Representative LOT sections from mice aged P7, 9, and 11; (f-h) depict AC sections from P11, 13, and 15. Scale

bar = 100 pum. (d,e,i,j) Quantification of developmental changes in immunostaining for each of the antigens (Olig2, green; PDGF, blue; and
MBBP, red). Note that as early as P7 MBP labeling is present in the LOT (a,e) and that the presence of PDGF+ precursor cells remained high
in the AC as late as P15 (h,i), confirming an earlier developmental trajectory of the LOT. Error bars represent standard deviation. *p <.05,

**p <.01

observed between P10 and P20 (A/A=31.39 +4.05;t=5.11, p<.01)
and an additional 93% increase occurred between P20 and P30 (A/
A=60.51+8.72;t=6.36,p<.01; Figure 4e-h).

3.2 | Period of rapid myelination: Light microscopy

The data above indicate that the LOT and AC have different times of
rapid myelination. Therefore, a second study more closely defined the
time course of these changes. Three early ages (P7, 9, and 11) were
chosen for a closer examination of the LOT because mature myelinat-
ing cells were already present by P10. Later ages (P11, 13, and 15)
were chosen for AC analyses based on data presented above as well as
previously reported results (Brunjes et al., 2014). Tissue was stained for
expression of Olig2, PDGF, and MBP as these markers showed the
largest changes across P10-30 and allow for distinguishing between all
oligodendrocytes (Olig2+), oligodendrocyte precursor cells (PDGF+),
and mature myelin sheaths (MBP+).

3.2.1 | Lateral olfactory tract

The total density of Olig2+ cells in the LOT significantly changed over
the interval examined (F = 14.29, p < .01), almost doubling between P7
(M =10.44 + 3.39 cells/10 mm? and P9 (19.31 + 1.28 cells/10 mm?
t=4.01, p<.05) and leveling off at P11 (M=21.67 =299 cells/
10 mm?; Figure 5a-d). During this period, the density of oligodendro-
cytes remained much higher than the value recorded at P30, likely a
result of large increases in area of the LOT after P11. PDGF+ cell den-
sity at all ages was similar to that observed at P10 (P7 M = 6.39 + 2.93
cells/10 mm?, P9 M =7.53 + 1.93 cells/10 mm?, P11 M = 6.25 + 2.67
cells/10 mm?; F=0.23, ns. Figure 5a-d). As early as P7 MBP labeling
was detected (A/A = 15.94 + 2.43). Staining increased significantly dur-
ing the period (F = 11.65, p <.01), with the largest increase observed

between P9 (A/A=2553+491) and P11 (A/A=36.51=*6.98;
t = 3.39, p <.05; Figure 5a-c,e). At P11m MBP staining was approxi-
mately half the value recorded at P20, indicating that myelination con-
tinues to occur throughout the preweanling period.

3.2.2 | Anterior commissure

A different pattern was observed during the onset of rapid myelination
in the AC (Figure 5f-j). Unlike in the LOT, Olig2+ oligodendrocyte den-
sity did not change over the period observed (P11 M =9.42 +2.42
cells/10 mm?, P13 M = 12.63 = 3.18 cells/10 mm?, P15 M= 1258 +
1.38 cells/10 mm?; F = 1.7, n.s.; Figure 5i) and remained slightly lower
than the density observed at P30. However, a large increase in precur-
sor cell density was observed across the period examined. PDGF stain-
ing increased steadily from P11 to P15 with a 60% increase observed
between P11 (M=3.69 +0.77 cells/10 mm?) and P13 (M= 6.16+
190 cells/10 mm?) and an additional 61% increase by P15
(M =10.13 + 2.50 cells/10 mm?; F = 9.09, p < .05; Figure 5i). Myelina-
tion as measured by MBP staining also increased over time. Labeling
stayed between P11 (A/A=14.61+420) and P13
(A/A=16.83+0.65; t=0.97, ns.) but significantly increased by P15
(A/JA=31.59 +2.31; t = 6.47, p < .01; Figure 5f-h,j). Once again, at all

ages examined MBP staining was lower than the corresponding P30

stable

value, indicating that substantial myelination occurs after P15 in
the AC.

3.3 | Electron microscopy

An analysis of tissue from P5, 7, 9, 11, 13, 15, 17, 20, 25, and 30 pups
was made for both tracts. The presence and density of unmyelinated,
pro-myelinated, and myelinated axons were quantified to complement
the developmental time courses established by immunological markers.
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EM analysis also allowed for measurement of axon caliber and thick-

ness of myelin sheaths.

3.3.1 | Lateral olfactory tract

The first indication of myelination in the LOT was the presence of pro-
myelinating oligodendrocytes at P7 (Figure 6a). The density of promye-
linated fibers changed over time (H=106.25 p<.001), with a
significant increase between P9 (5.29 + 1.46 axons/100 ym?) and P11
(8.71 = 1.96 axons/100 um?; U = 0, p < .05) and peaked at P13 (9.62 =
2.38 axons/100 um?). This increase was followed by a steady nonsigni-
ficant decline from P15 (6.89 = 1.41 axons/100 um?) through P30
(2.99 = 0.75 axons/100 pm?; Figure 6k). The first instances of compact
myelin sheaths appeared at P9, and, mirroring the results described
above, a sharp increase in number of myelinated axons occurred
between P9 and 11 (7.78 = 3.29 to 43.69 + 14.55 myelinated axons/
100 pmz; U=0, p<.05; Figure éb,cm). The density of myelinated
axons continued to rise between P15 (52.95 + 13.30 axons/100 pm?)
and P20 (63.53 +5.54 axons/100 pmz) before leveling off
(P25 = 62.89 + 6.43 axons/100 pmz, P30 = 63.00 = 17.86 axons/100
umz; H=11.26, p < .0001; Figure 6m). Percentages of myelinated, pro-
myelinated, or unmyelinated axons were also calculated, with results
confirming patterns observed with density calculations (Figure 60).
Between P11 and P13, a sharp increase in the percentage of myelin-
ated (P11 =1.17%, P13 = 33.70%) and pro-myelinated (P11 = 2.24%,
P13 = 5.98%) axons occurred. The percentage of myelinated axons in
the LOT increased at every subsequent age (P15=45.49%,
P17 = 53.27%, P20 = 71.10%, P25 = 78.84%, P30 = 84.10%). Average
myelinated axon caliber slightly increased with age (H=75.25,
p <.0001). At P9, average axon diameter was 1.15 + 0.36 um. A signifi-
cant increase was observed by P11 (1.37 =0.21 um; U=0, p<.05)
and caliber steadily increased through P15 (1.58 = 0.18 um). A slight
subsequent decrease was recorded from P17 (1.51 = 0.03 um) to P30
(1.46 £0.21 pm; Figure 6l). Mean myelin thickness also increased
across time (H = 95.21, p < .0001) but was restricted to a range of 0.06
um (P9 M =0.08 = 0.03 um, P30 M = 0.14 + 0.06 um; Figure 6n).

3.3.2 | Anterior commissure

Little evidence of myelination was present in the AC at P11, with only
1.92 +0.12 promyelinated axons/100 pm? on average and only one
myelinated axon per ~20 umz (Figure 6f,k,m). Numbers of promyeli-
nated axons in the AC rose significantly between P13 (6.89 + 1.82
axons/100 pm?) and P20 (14.31+2.53 axons/100 pum% U=0,
p < .05), followed by a decrease through P25 (11.53 = 0.90 axons/100
umz) and P30 (10.26 + 3.97 axons/100 pmz; Figure 6k). Mean density
of myelinated axons increased by a factor of nearly 200 (from 0.61 +
026 to 117.11+31.27 axons/100 pm? between P11 and P30
(H =51.18, p <.0001), with two sharp increases between P11 and P13
(10.87 £3.95 axons/100 pm? U=0, p<.05) and between P17
(25.38 = 7.59 axons/100 umz) and P20 (87.24 + 15.23 axons/100
umz; U =0, p<.05; Figure 6m). At P30, there was substantial variation
in different areas of the AC (from 56.60 to 173.62 myelinated fibers/
100 um?), although no consistent patterns were found (Brunjes, 2013).

Again, calculations of percent myelinated, promyelinated, and
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unmyelinated confirmed density measures (Figure 6p). At P11 and P13,
<1% of axons in the AC were myelinated. Between P15 and P17, a
substantial increase in the percentage of axons myelinated occurred
(P15 =2.60%, P17 = 11.37%). Another large increase was observed
between P17 and P20 (21.17% myelinated axons). By P30, the per-
centage of axons myelinated was 23.12% with 3.97% of axons pro-
myelinated. Mean axon caliber of myelinated axons varied widely and
did not significantly change with age (H = 3.5, p = .74; Figure 6l). Axon
diameter of myelinated fibers in early ages (P11 =0.80+0.02 um,
P13 =0.86+0.04 um, P15=0.81+ 0.05 pm) was similar to that of
later ages (P20 = 0.75 = 0.04 um, P25 = 0.82 + 0.09 um, P30 =0.94 +
0.09 pum). Mean myelin thickness significantly changed over time
(H=72.22, p <.0001) but was restricted to a range of 0.018 um (Fig-
ure 6n). The maximum myelin thickness value was recorded at P15
(0.084 = 0.04 um) and the minimum recorded at P20 (0.066 + 0.03
um).

3.4 | Conduction velocity

The observed differences in axon caliber and myelination predict physi-
ological differences between the tracts. These were verified by analysis
of conduction velocity in 3-month-old female mice. Signal transfer in
the LOT (5.03 m/s, SEM: .037) was more than twice as fast as that in
the AC (2.07 m/s, SEM 0.054 m/s. t = —21.837; p < 4.18E-09, Figure
7a,b).

3.5 | Unilateral naris occlusion

Given the findings described in the introduction indicating that func-
tion affects myelination, it was important to determine if activity also
affects development of these two olfactory system tracts. As the
bundles carry different aspects of the same information (the LOT
carries primary information from the OB to the cortices, while the
AC carries processed information between hemispheres), unilateral
naris occlusion might differentially affect the two tracts. Deprivation
has been shown to have large effects on the developing OB, and to
induce changes in the AON and piriform cortex (Brunjes et al., 2014;
Coppola, 2012).

3.5.1 | Lateral olfactory tract

The LOT ipsilateral to occlusion in experimental animals was com-
pared to both the contralateral LOT as well as to the LOT of normal
controls at P30. To confirm that samples represented similar popula-
tions, myelinated axon caliber was compared and found to not vary
between groups: mean caliber was consistent in the LOT ipsilateral
to occlusion (M =1.50+0.58 um), the contralateral LOT (M
=1.55+ 1.01 um), and that of control animals (M = 1.46 + 0.67 um;
H =54, p=.07). In addition, no differences were recorded in the
density of myelinated axons between the LOT ipsilateral to occlu-
sion (61.12 +11.78 axons/100 umz), contralateral to occlusion
(57.13 = 3.83 axons/100 pm?) and controls (63.00 + 17.86 axons/
100 umz; H=3.4, p=.18; Figure 7c). Occlusion had two notable
effects. First, myelin was significantly thinner in both the LOT ipsi-
lateral (0.11 = 0.06 pm) and contralateral to occlusion (0.10 = 0.04
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FIGURE 6 Ultrastructural development of the LOT and AC. Top: Myelin-stained sections (insets) and EM micrographs of the developing
LOT (a-e) and AC (f-j). With age the area of the LOT as well as the density of myelin staining increases dramatically, especially between P9
and P13. (a) At P7 no myelinated axons are present, but pre-myelinating oligodendrocyte processes can be seen in between axons (boxed
inset). (b) Early myelination was observed at P9, evidenced by myelin wrappings and oligodendrocyte cytoplasm surrounding axons (inset).
Myelin thickness was determined by measuring the distance between the inner and outermost point of compacted segments (arrows). (c)
Myelinated fibers were more apparent by P13, often clustered nearby glial cells or glial precursor cells (asterisk). (d,e) Average myelinated
cell density greatly increased by P25 (d), and continued to increase through P30 (e). Myelin stains demonstrated that with age the AC (f-j,
inset) enlarges and the difference between the heavily myelinated anterior limb (left) and the posterior limb (right) becomes more apparent.
Very few myelinated fibers were observed in the AC at P11 (f) with only sporadic promyelinated fibers. By P13 (g) the AC has begun myeli-
nating large-caliber fibers. At the same time the LOT contained many myelinated figures (c). A large increase in myelinated fiber density cali-
ber occurs between P13 and P15 (h) that continues through the period observed (i,j). Bottom panels: quantification of ultrastructural
development of the LOT and AC. (k) Number of promyelinated axons per 100 pm? in the LOT (blue line) and AC (red line) with age. Pro-
myelinated fibers decreased in density earlier in the LOT (after P13) than in the AC (after P20). (I) Mean axon caliber of myelinated fibers
was substantially greater in the LOT than in the AC at every age examined. (m) Myelinated cell counts (number of myelinated axons per
100 pm?) increased much earlier in the LOT (between P9 and P11) than the AC (between P17 and 25). (n) Mean myelin thickness was simi-
lar throughout the development of both the LOT the AC, but was consistently higher in the LOT compared to the AC. (o,p) Percentages of
myelinated (black), promyelinated (white), and unmyelinated (gray) axons in the LOT (o) and AC (p) followed a similar developmental trend
to that observed with density measures (k,m)
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FIGURE 7 Top: Representative evoked responses in the LOT (a) and AC (b). The interval between time of stimulation (green arrows) and
the peak of the evoked responses (red arrows) was estimated and compared. Bottom: Quantification of the effects of unilateral naris
occlusion from P1 to P30 on myelination. (c) No differences in the density of myelinated axons was observed between control and
experimental animals in the LOT (left) or AC (right). (d) In the LOT, a significant decrease in myelin thickness was observed in experimental
animals compared to controls (black) in both the LOT ipsilateral (red) and contralateral (blue) to occlusion. The differences in the average
thickness of the myelin sheath (dotted vertical lines) is reflected in frequency histograms: most myelin sheaths fell between 0.05 and 0.1
um in experimental animals and between 0.1 and 0.15 um in controls. (e) In the AC, myelin was slightly thinner on average in experimental
animals (red) compared to controls and the distributions between control and experimental samples differed significantly. (f-h) To confirm
that differences in myelin thickness could not be accounted for by a sampling of thinner axons, g-ratios were calculated and compared. In
the LOT, a significant increase in g-ratio (indicating thinner myelin sheaths relative to axon caliber) was observed in the tract ipsilateral to
occlusion in experimental animals. However, in the AC, no difference in g-ratio was found, suggesting that the small difference observed in
myelin thickness might be due to sampling artifacts. Open circles in (g) and (h) represent individual data points fit with a linear function
(solid lines). Error bars represent standard deviation. ***p <.001
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TABLE 2 Comparisons between the LOT and AC
LOT

Developmental differences
Initial tract formation
First appearance of myelinated fibers P7
Onset of function
Period of rapid myelination
Effects of unilateral naris occlusion

P9-11

Structural differences (>P30 mice)
Axon caliber (all axons)

Axon caliber (myelinated only) 1.5 um
Percent myelinated 84%
Myelin thickness 0.14 um
g-ratio 0.813
Conduction velocity 5.03 m/s

E = embryonic day; P = postnatal day.

um) compared to age-matched controls (0.14 = 0.06 um; H=17.2,
p =.02; Figure 7d). To confirm that naris occlusion resulted in a thin-
ning of the myelin sheath relative to axon caliber, g-ratios were cal-
culated for 150 axons in occluded and control samples. The
difference in myelin thickness was reflected in a significantly larger
mean g-ratio of axons from the ipsilateral LOT (M =0.853 = 0.047)
compared to the contralateral
(M =0.810 = 0.048; p < .0001) and to normal controls (M =0.813 +
0.048; p <.001), confirming thinner myelin sheaths in the ipsilateral

LOT of the same animals

LOT (Figure 7f,g). Second, an increase in the density of promyeli-
nated axons was observed in both the LOT ipsilateral (4.26 +1.13
axons/100 pm?) and contralateral (3.18 = 0.74 axons/100 um?) to
occlusion compared to P30 controls (2.99 + 0.75axons/100um?).
The density observed in experimental mice at P30 was similar to
that recorded in unmanipulated mice at P20 (4.15 + 0.42 axons/100
pmz), potentially indicating that naris occlusion delayed the progres-
sion of myelination.

3.5.2 | Anterior commissure

The AC shared several characteristics with the LOT. For example, naris
occlusion did not affect the density of myelinated axons (experimental
M =114.30 = 30.63 axons/100 pmz; control M=117.11+31.27
axons/100 png t=1.2, p=.14; Figure 7a). Furthermore, myelin was
significantly thinner in the AC of occluded animals (0.060 + 0.02 um)
compared to age-matched controls (0.067 = 0.03 um; p <.05; Figure
7¢). However, unlike the findings in the LOT, mean myelinated axon
caliber was also significantly smaller in experimental animals (0.14 =
0.01 um) compared to controls (0.17 = 0.03 um; U = 10.29, p = .001).
Therefore, it was appropriate to use g-ratios to determine whether the
differences observed resulted from sampling variation or from an actual
thinning of the myelin sheath. Mean g-ratios of myelinated axons in
occluded animals (0.813 + 0.24) did not differ from controls (0.83 =
0.19; t = 1.262; p = .21), suggesting that unilateral naris occlusion does
not affect myelin sheath thickness in the AC. Unlike the LOT, no differ-
ences in the number of promyelinated axons was found between
experimental (24.12 +9.33 axons/100 pum?) and control animals
(20.93 = 7.95 axons/100 pum?).

E13 (Walz et al., 2006)
Birth (Logan et al., 2012)

Thinner myelin sheaths, fewer pro-myelinated axons

0.768 um (Brunjes et al., 2011)

AC

E16 (Silver et al., 1982)

P11

P12 (Kucharski & Hall, 1990)
P13-15

No observed effects

0.553 um (Brunjes, 2013)
1 um

23%

0.07 um

0.830

2.07 m/s

4 | DISCUSSION

Few studies have examined myelination in the LOT and AC despite the
fact that they are major forebrain white matter tracts and are con-
served across the vertebrate lineage (Eisthen, 1997; Suarez et al.,
2014). Each tract processes different aspects of the olfactory data
stream. Odors detected by sensory neurons in the nose are translated
into a topographic code in the OB. The LOT then transmits the infor-
mation to the olfactory cortices where stimuli are identified and
assigned into behavioral categories (Gire et al., 2013; Gottfried, 2010;
Kadohisa & Wilson, 2006; Mori, 2014; Schwob & Price, 1984). The AC
is involved in coordinating activity between the left and right cortices,
allowing for localization of odor sources (Esquivelzeta-Rabell et al.,
2017) and facilitating the interhemispheric transfer of stored memories
(Fontaine et al., 2013; Kucharski & Hall, 1990, 1988; Kucharski et al.,
1988).

The results presented above provide an opportunity to directly
compare the two tracts on a number of dimensions (Table 2). First, the
findings add substantial confirmation that the tracts differ in their pat-
terns of development. It has been well established that the LOT origi-
nates very early compared to the rest of the forebrain (Lépez-
Mascaraque et al., 1996; Sato et al., 1998). Mitral cell axons exit the
OB as early as E11.5 and begin to form the LOT by E13 (Walz et al.,
2006), around the time that retinal ganglion cell axons begin forming
the optic tract (Deiner et al., 1997), and before olfactory sensory neu-
rons form synapses in the OB (Hinds & Hinds, 1976). Mitral cell projec-
tions separate into dorsal and ventral components of the LOT, and this
rough topography can be seen as early as the day after birth (Walz
et al., 2006). Prenatal development of the LOT allows for odor informa-
tion to reach the ipsilateral cortex by birth, as it is crucial that olfactory
pathways be established before suckling begins (Logan et al., 2012).
Myelination of the LOT also occurs early. It is initiated around the
same time as the optic chiasm and internal tracts of the cerebellum
(P7) and within the CNS is only preceded by that of the spinal cord
(Foran & Peterson, 1992). Axons first enter the AC much later than the
LOT (E16), around the same time as the corpus callosum forms (Silver

et al., 1982). The timing of myelination in the AC is also remarkably
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similar to the corpus callosum. Myelinated axons appear in the corpus
callosum at P11, the same day that they were first observed in the
present study of the AC. Additionally, the corpus callosum begins a
rapid phase of myelination around P14, which mirrors the results in the
AC. (Figures 5 and 6) As the AC is involved in higher- order processing
of olfactory information it appears to not be necessary for survival in
neonates. In fact, AC transection does not affect performance on olfac-
tory memory tasks until P12 in rats (Kucharski & Hall, 1990).

The study focused on examining patterns of postnatal develop-
ment. Several approaches demonstrated conclusively that the time of
myelination onset differs between the LOT and AC. Quantitative analy-
ses of the expression of a number of markers for early-to-late stages of
oligodendrocyte development indicated that precursor (PDGF+ and
NG2+) populations decline earlier in the LOT than AC and markers for
mature oligodendrocytes (CC1) and myelin sheaths (MBP) appeared
later in the AC. EM was also used to quantify the number of promyeli-
nated and myelinated axons as well as myelin thickness. Promyelinated
axons were first encountered in the LOT at P7, but not until P11 in the
AC. A large increase in the density and percentage of myelinated fibers
occurred in the LOT between P9 and P13, while a similar increase did
not occur in the AC until between P17 and P20.

It is important to note that both the LOT and AC are comprised of
axons from different cell types, each of which could differ in their tim-
ing of myelination. For example, axons from two very different OB
relay neurons form the LOT. Mitral cells are formed very early (E11-13
in the rat) and tufted cells arise later (E13-E18, Hinds, 1968). Mitral
cell axons innervate broad regions of olfactory cortex while the axons
of tufted cells are restricted to regions to the olfactory peduncle,
including the AON and olfactory tubercle. Pyramidal cells from two
regions, the AON and APC, enter the AC, and there is evidence that
they are also not a homogeneous population (Kay & Brunjes, 2014). A
similar pattern has been observed in the corpus callosum, in which
homotopic and heterotopic projections develop on a different time
course (Fenlon et al., 2017). Future studies should clarify the contribu-
tions of different cell types on the overall developmental patterns
observed in the present findings in both the LOT and AC.

Second, the present findings demonstrate that there are notable
organizational and morphological differences between the LOT and AC
that can be seen across many ages (Table 2). For example, myelinated
axon caliber was approximately 50% larger in the LOT than AC. A dif-
ference in axon size has been noted before (Brunjes, 2013). These
observations suggest that the olfactory system has two processing
streams: one for immediate odor processing (LOT) and one for slower
subsequent processing (AC). The LOT also includes a much higher per-
centage of myelinated axons by P30 (84%) than the AC (23%; see also
Livy et al., 1997; Sturrock, 1987). Myelin sheaths of LOT fibers are 2x
thicker than that of the AC, which doubtlessly contributes to differen-
ces reported above in conduction velocity.

Third, the two tracts differ in their response to altered early experi-
ence. The proper formation of myelin sheaths is linked to efficient neu-
ronal activity both in vivo and in vitro (Demerens et al., 1996), and it
has been repeatedly demonstrated that early experience affects the
rate and extent of myelination. For example, sensory deprivation
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decreases myelin thickness in the barrel cortex (Barrera et al., 2013)
and social isolation has large effects on the development of myelin in
the prefrontal cortex (Makinodan et al., 2012). Many studies have dem-
onstrated that unilaterally reducing odor access by blocking air flow
through one half of the nasal cavity in young pups causes profound
changes in the development of the OB and olfactory cortices (Brunjes,
1994; Coppola, 2012). Naris closure, therefore, was used to examine if
activity affects the development of these two tracts.

Substantial changes were observed in the LOT. Indeed, both the
LOT ipsilateral and contralateral to occlusion exhibited both thinner
myelin sheaths and an increased density of pro-myelinated cells at P30
compared to age-matched controls. Evidence did indicate, however,
that the LOT on the occluded side was more affected as g-ratios were
significantly larger. The findings are intriguing because unilateral naris
closure has rarely been reported to affect the contralateral side. One
possibility is that excessive stimulation resulting from the constant acti-
vation of the unoccluded nasal cavity might overdrive the ipsilateral
OB and thus be a factor in the changes. Furthermore, in normal ani-
mals, the total amount and quality of olfactory stimulation should be
roughly similar on both sides of the brain. Perhaps lifelong unbalanced
stimulation changes developmental patterns in both the left and right
hemispheres.

No consistent effects of occlusion were detected in the AC. While
significantly thinner myelin sheaths were observed in experimental ani-
mals, the finding has to be interpreted in light of the fact that average
axon caliber was also reduced. Several possibilities might explain these
results. First, they may reflect sampling differences between groups.
While no regional differences in axon caliber have been reported in the
AC (Brunjes, 2013), it is possible that the random sampling methods
employed provided proportionally more small caliber axons in the
experimental group. This explanation seems possible as the g-ratios
(the proportion of myelin relative to axon size) did not differ between
groups: thus, when controlling for axon size, unilateral naris occlusion
did not affect myelin thickness. However, it is also possible that naris
occlusion decreases axon caliber. Alternatively, occlusion might prefer-
entially affect larger-caliber axons (either by inhibiting the initiation of
myelination or causing a shortening of internodes), thus resulting in a
thinner overall population. Definitive evidence as to whether naris
occlusion affects the AC will necessitate further study.

There are several explanations for why the LOT and AC might be
differentially affected by unilateral naris occlusion. First, the LOT may
be more sensitive to changes in afferent activity as it receives direct
input from the ipsilateral OB. Second, differences could be more diffi-
cult to assess in the AC as (a) unlike the LOT it contains axons from
both the manipulated and unmanipulated hemispheres, and (b) myelin
sheaths in the AC of normal animals are already thinner than the LOT
(Figure 6n). No difference in the number of myelinated axons or oligo-
dendrocytes was found in either tract, supporting findings from other
sensory systems that neuronal activity is important for initiation of
myelination as well as regulation of sheath thickness and internodal
length, but not for maintaining oligodendrocyte cell density or density
of myelinated fibers (Barrera et al., 2013; Bercury and Macklin, 2015;
Makinodan et al., 2012).



COLLINS ET AL

1856 RESEARCH IN
WILEY (S .
Taken together, the findings presented above indicate that the
LOT and AC are particularly interesting and unique regions for studying
myelination. Both tracts are compact, easily defined, and geographically
separated yet are both contained in the small olfactory peduncle. Both
exhibit considerable developmental differences, including the time of
initial formation, functional state at birth, and rates of postnatal matu-
ration. The two tracts have different spectrums of axons, including cali-
ber and percentage myelinated. Furthermore, as both tracts carry
sensory information, activity levels are relatively easy to manipulate.
Interestingly, they carry different aspects of the olfactory data stream,
and, as shown above, are differently affected by early changes in func-
tion. The present work substantially adds to previous findings of devel-
opmental and structural differences between the LOT and AC by
providing the first direct comparison of myelination of these two olfac-
tory system tracts (Table 2). The outlined differences between the LOT
and the AC make the olfactory system a uniquely appropriate subject

for studying the development of and factors affecting myelination.
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