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Spatiotemporal distribution of glia in and around the developing
mouse optic tract
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York topography and laterality (i.e., eye-specific or ipsi- and contralateral segregation). Our lab previ-
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Abstract

In the developing mouse optic tract, retinal ganglion cell (RGC) axon position is organized by

ously showed that ipsilaterally projecting RGCs are segregated to the lateral aspect of the
developing optic tract and found that ipsilateral axons self-fasciculate to a greater extent than con-
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tralaterally projecting RGC axons in vitro. However, the full complement of axon-intrinsic and
-extrinsic factors mediating eye-specific segregation in the tract remain poorly understood. Glia,
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of ipsilateral and contralateral RGC axons at the optic chiasm, are natural candidates for contribut-

ing to eye-specific pre-target axon organization. Here, we investigate the spatiotemporal
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expression patterns of both putative astrocytes (Aldh1l1+ cells) and microglia (Ibal+ cells) in the
embryonic and neonatal optic tract. We quantified the localization of ipsilateral RGC axons to the
lateral two-thirds of the optic tract and analyzed glia position and distribution relative to eye-

Correspondence

Carol A. Mason, Columbia University,
Jerome L. Greene Science Center, 3227
Broadway, Quad 3C Room L3-048—MC

specific axon organization. While our results indicate that glial segregation patterns do not strictly
align with eye-specific RGC axon segregation in the tract, we identify distinct spatiotemporal orga-
nization of both Aldh1l1+ cells and microglia in and around the developing optic tract. These
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findings inform future research into molecular mechanisms of glial involvement in RGC axon

growth and organization in the developing retinogeniculate pathway.
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1 | INTRODUCTION

Once considered mere support cells of the brain, glia are increasingly rec-
ognized for their numerous roles in neural development and function,
including in neuronal migration, axon guidance, synaptic refinement, and
regulation of synaptic number and function (Clarke & Barres, 2013;
Lemke, 2001; Stogsdill & Eroglu, 2017). This understanding of glial func-
tion during brain development stems in part from a foundation of
detailed morphological observations made by developmental neurobiolo-

gists in prior decades. The late Vivien Casagrande and her mentor, the
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late Ray Guillery used meticulous light and electron microscopy to detail
glial organization, morphology, and relationships with growing axons in
the developing visual system (Guillery & Walsh, 1987; Hutchins & Casa-
grande, 1988, 1990), somatosensory cortex, and hippocampus (Hutchins
& Casagrande, 1989). These studies suggested that glia contribute to the
development of brain cytoarchitecture, including the well-defined layers
within the dorsal lateral geniculate nucleus (ALGN), the thalamic target of
retinal axons (Hutchins & Casagrande, 1988), and paved the way for
more recent focus on glial contribution to synaptic development and
refinement in the dLGN (e.g., Chung et al., 2013; Schafer et al., 2012).
The visual system, in particular the retinogeniculate pathway, is a

long-standing model for studying axon guidance and neural circuit
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formation (reviewed in Herrera, Erskine, & Morenilla-Palao, 2017). In
the binocular vertebrate visual system, RGC axons exit the retina and
extend through the optic nerve to the optic chiasm at the midline, a
complex intermediate choice point for growing axons, where some
RGC axons cross the midline to project contralaterally and others turn
away from the chiasm region to project ipsilaterally (reviewed in Petros,
Rebsam, & Mason, 2008). After navigating the decussation choice at
the chiasm, RGC axons extend through the optic tract to innervate the
dLGN and the superior colliculus (SC), the vision-processing targets in
the thalamus.

As appreciation for the diversity of glial contributions to brain
development increased (reviewed in Barres & Barde, 2000), researchers
continued to utilize the visual system to study glial function in neural
development and plasticity. Much of the exploration of glia in the
developing visual system centered on the optic nerve, chiasm (Mason
& Sretavan, 1997), and the dLGN (e.g., Hutchins & Casagrande, 1988,
1990). Light and electron microscopic analyses in fish and mammals
revealed frequent contact between RGC axons in the optic nerve, with
interfascicular glia extending processes alongside axons (Bovolenta &
Mason, 1987; Guillery & Walsh, 1987; Maggs & Scholes, 1986; Wil-
liams & Rakic, 1985). Notably, the orientation of glia changes between
the nerve and chiasm, which in turn corresponds to changes in RGC
growth cone morphology. In the nerve, glia are interfascicular, growing
with the direction of extending axons (Maggs & Scholes, 1986), which
have tapered, torpedo-like growth cones, indicating relatively quick and
unhindered growth (Bovolenta & Mason, 1987; Godement, Wang, &
Mason, 1994; Mason & Wang, 1997).

In the chiasm, glia extend radially from the ventral aspect of the
midline of the nascent diencephalon rather than interfascicular among
axons, creating a glial palisade through which RGC axons are guided to
their ipsilateral or contralateral trajectory (reviewed in Mason & Sreta-
van, 1997). Detailed morphological studies showing increased ramifica-
tion and slower extension of growth cones navigating through the
optic chiasm radial glia (Bovolenta & Mason, 1987; Godement et al.,
1994; Guillery & Walsh, 1987; Maggs & Scholes, 1986; Mason &
Wang, 1997; Reese, Maynard, & Hocking, 1994) suggested that the
glia provide selective guidance cues to ipsi- and contralateral RGC
axons. Indeed, subsequent molecular studies have revealed some of
these cues (e.g., Kuwajima et al., 2012; S. E. Williams et al., 2003).
While midline radial glia in the chiasm are critical for the successful
navigation of ipsi- and contralateral RGC axons to the appropriate side
of the brain, little is known about glia in the optic tract. Of the few
studies that directly examined glia in the optic tract, most were not per-
formed in mouse (e.g., Inoue, 1970; Levine, 1989; Reese, Johnson,
Hocking, & Bolles, 1997; Vanselow, Thanos, Godement, Henke-Fahle,
& Bonhoeffer, 1989), and those performed in mouse were only able to
draw limited conclusions on the presence and morphology, but not dis-
tribution, of glia in the tract (Colello & Guillery, 1992).

To address the gap in our knowledge of glia in the murine retino-
geniculate pathway, we used classic anatomical approaches, in a similar
vein to Vivien Casagrande’s work (Hutchins & Casagrande, 1988,
1989), to assess glia in the embryonic and neonatal mouse optic tract.

Specifically, we examined the distribution of putative astrocytes and
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microglia in the context of pre-target organization of ipsilateral and
contralateral RGC axons in the tract. Pre-target axon organization, a
common feature of axon tracts (e.g., Imai et al, 2009; Zhou et al.,
2013), is likely mediated by intrinsic axon-axon interactions, which are
important for axon targeting (Wang et al., 2014), and extrinsic factors,
including cues from surrounding cells, such as glia in and around the
tract. RGC axons in the developing mouse retinogeniculate pathway
are organized by both topography (Chan & Chung, 1999) and laterality
(i.e., ipsi- and contralateral axons; Godement, Salaun, & Imbert, 1984),
and ipsilateral RGC axons self-fasciculate more than contralateral axons
in vitro (Sitko, Kuwajima, & Mason, 2018). However, other mechanisms
mediating pre-target axon order in the developing optic tract, in partic-
ular, the tendency of ipsilateral RGC axons to course in the lateral tract,
remain poorly understood.

Therefore, we used genetic labeling of ipsilateral RGC axons and
putative astrocytes and antibody labeling of radial glia and microglia to
detail glia number, distribution, and morphology along the mediolateral
and rostrocaudal axes of the developing optic tract. While there is no
apparent glial segregation paralleling that of ipsi- and contralateral RGC
axons, we find distinct spatiotemporal organization of putative astro-
cytes and microglia within the tract and along the outer walls of the
tract. The results presented here open the door to future studies exam-
ining the molecular identity of optic tract glia and how they might inter-
act with axons to guide pre-target axon organization and/or early axon

targeting decisions as they exit the tract to innervate their targets.

2 | MATERIALS AND METHODS

2.1 | Animals

Mice were maintained in a timed-pregnancy colony in a barrier facility
at Columbia University Medical Center. All procedures were carried
out in compliance with protocols approved by Columbia University's
Institutional Animal Care and Use Committee. Breeding female mice
were checked for vaginal plug midday each weekday. The day of plug
detection was considered embryonic day (E) O, and embryos were har-
vested from dams as close to midday on the day of collection as possi-
ble. ET33 SERT-Cre and Aldh1l1-eGFP mice were generated by
GENSAT (Gong et al., 2007), and E33-SERT-Cre::ZsGreen mice were
provided as a gift from Dr. Tom Maniatis (Columbia University).
Aldh1l1-eGFP mice were obtained as a gift from the Dr. Ben Barres
(Stanford University). All mice were maintained on a C57BL/6)J
background.

2.2 | Immunohistochemistry

Embryos were harvested from pregnant dams anesthetized with keta-
mine/xylazine (100 and 10 mg/kg, respectively, in 0.9% saline). Post-
natal day (P) O mice were anesthetized with ketamine/xylazine (100
and 10 mg/kg, respectively, in 0.9% saline). E16, E18, and PO mice
were transcardially perfused with 4% paraformaldehyde (PFA), and E14
mice were drop-fixed after harvest and decapitation without being per-

fused. Brains were post-fixed in 4% PFA at 4°C overnight, followed by
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TABLE 1 Antibodies used in experiments
Manufacturer, species, mono- or Dilution
Antigen Immunogen polyclonal, catalog or lot no., RRID used
Primary antibodies ZsGreen Recombinant full-length Zoanthus Clontech, rabbit polyclonal, 1:500
sp. Green fluorescent protein (ZsGreen) Cat. #632474, Lot #1508409;
RRID: AB_2491179
GFP GFP isolated directly from the Thermo Fisher, rabbit, 1:500
jellyfish Aequorea victoria Cat. #A-11122, Lot #1891900;
RRID: A-11122
Ibal Synthetic peptide corresponding to Abcam, goat polyclonal, 1:100
Human Ibal aa 135-147 (C terminal) Cat. #ab5076, RRID:
AB_2224402
Neurofilament Membrane preparations from rat Developmental Studies Hybridoma 1:5

E14-E15, recognizes 165kD protein

Bank (DSHB), deposited by

RC2 (Nestin)

Secondary antibodies Anti-rabbit 1gG Alexa Fluor 488

Anti-goat 1gG Alexa Fluor 594
Anti-mouse 1gG Alexa Fluor 647

Anti-mouse IgM Alexa Fluor 647

immersion in a 10% sucrose-PBS solution, then 30% sucrose-PBS at
4°C for 48 hr each or until the tissue no longer floated. After sucrose
equilibration, brains were embedded in OCT and frozen on dry ice for
cryosectioning.

SERT-Cre::ZsGreen and Aldh1l1-eGFP brains were cryosectioned
25 pm thick and collected serially onto four sets of slides. One set of
slides was immunostained for each experiment, resulting in sections 100
um apart. Slides were washed for 5 min three times with 1< PBS and
blocked in 10% Normal Donkey Serum (NDS) in 1x PBS with 0.25%
Tween (PBST) at room temperature (RT) for 1 hr. Slides were then incu-
bated in primary antibody mix overnight and washed for 5 min three
times with 1X PBS, followed by a 2 hr RT incubation in secondary anti-
body mix, then a 10 min RT incubation in 1:1000 Hoechst:PBST solu-
tion. After a final set of three 5 min washes of PBS at RT, slides were
coverslipped with Fluoro-Gel mounting medium. See below for antibod-
ies used, and Table 1 for antibody concentrations and details.

For examination of radial glia and Aldh1l1+ cell colocalization, cry-
osections of Aldh1l1-eGFP brains were stained with a primary antibody
mix composed of 5% NDS in 1X PBST, rabbit anti-GFP, and mouse
anti-RC2. The secondary antibody mix included 5% NDS, donkey anti-
rabbit 1gG Alexa Fluor 488, and goat anti-mouse IgM Alexa Flour 657.
For analysis of SERT expression, cryosections of SERT-Cre::ZsGreen
brains were stained with a primary antibody mix composed of 5% NDS
in 1X PBST, rabbit anti-ZsGreen, goat anti-lbal, and mouse antineuro-
filament (NF). For glia counts, Aldh1l1-eGFP mice were stained with a
primary antibody mix composed of 5% NDS in 1 PBST, rabbit anti-
GFP, goat anti-lbal, and mouse anti-NF. Secondary antibody mix for

Fetal brain lysate from rat E14-E15,
recognizes 295kD protein

Dr. Tom Jessell and Dr. Jane Dodd,
mouse monoclonal IgG,
Clone 2H3, RRID: AB_531793
Developmental Studies Hybridoma 1:5
Bank (DSHB), deposited by
Dr. Miyuki Yamamoto, mouse
monoclonal MIgM, Clone RC2,
RRID: AB_531887

Thermo Fisher, donkey, Cat. #R37114, 1:400
RRID: AB_2556542

Thermo Fisher, donkey, Cat. #A-11058, 1:400
RRID: AB_2534105

Thermo Fisher, donkey, Cat. #A-31571, 1:400
RRID: AB_162542

Thermo Fisher, goat, Cat. # A-21238, 1:400

RRID: AB_2535807

both sets of experiments was made of 5% NDS in 1X PBST, donkey
anti-rabbit 1gG Alexa Fluor 488, donkey anti-goat 1gG Alexa Fluor 594,
and donkey anti-mouse IgG 647.

2.3 | Imaging

All images were acquired on a Zeiss Axiolmager M2 microscope with
Apotome, AxioCam MRm camera, and Neurolucida software (v11, MBF
Biosciences, Williston, VT, RRID:SCR_001775), using Fluar 5X
(NA = 0.25, working distance = 12.5 um), Plan-APO 20X (NA=0.8,
working distance = 550 um), or Plan-APO 40X oil (NA = 1.4, working
distance = 130 um) objectives. Images were acquired in MBF tiff or
.jpx format and were processed in Fiji (ImageJ, NIH, RRID:SCR_002285).

2.4 | Experimental design and statistical analysis

Qualitative observations of Aldh1l1-eGFP and RC2 co-labeling were
performed in one animal of each age (Figure 1a). Morphological obser-
vations of Aldh111+ cells and all other experiments were performed in
at least five animals from 2 litters of each age (Figures 1b-6). In all
experiments, male and female littermates were pooled together and
analyzed as one group.

Four coronal sections through each optic tract were analyzed per
mouse, within a 20X field of view for each section. The first section
imaged for each set was directly caudal to the optic chiasm, with the
following three the subsequent serial section proceeding caudally, at

100 um intervals. For sector analysis of SERT-Cre::ZsGreen expression,
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FIGURE 1 Aldh1l1-eGFP + cells include astrocytes and radial glia in the developing mouse optic tract. Frontal sections of an Aldh1l1-eGFP
mouse brain taken to examine the optic tract as schematized in (a) and (b). Aldh1l1-eGFP+ labeling (green in merge) is present by E14 and is
expressed almost exclusively in radial glia (magenta in merge) at E14 and E16 (c). Aldh111+ cell bodies appear within the optic tract by E18 and
are present within the optic tract through birth. A subset of Aldh1l1+ cells (blue arrows) within the optic tract (outlined in yellow) have an elon-
gated morphology with few processes at E18 and PO (d). Scale bars = 100 pm
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the optic tract was divided into three coequal sectors with a common
along-tract length of 150 um, using the Fiji Overlay function. The width
across the tract was determined at the widest point in the tract in a
maximum-intensity projection of the NF signal. Using the Measure
tool, the area and position of the sectors were recorded, along with the
integrated density of signal within a maximum-intensity projection of
the ZsGreen signal.

For analyses of glia number and distribution, the optic tract was
divided into three coequal sectors as above, and two additional sectors of
the same size were made directly medial and lateral to the optic tract. Cell
bodies were manually counted in each optical section of a z-stack of
images using Fiji based on the presence of Ibal or Aldh1l1-eGFP signal,
colocalized with the Hoechst nuclear label. Graphical and statistical analy-
ses for all experiments were performed using GraphPad Prism7 software
(Version 7.0d, GraphPad Software Inc., La Jolla, CA, RRID:SCR_015807).

3 | RESULTS

3.1 | Aldh1l1+ cells are present in the optic tract and
are morphologically distinct by E18

As glia provide many cues and signposts to growing axons during the
development of neuronal tracts (reviewed in Learte & Hidalgo, 2007;
Lemke, 2001), we specifically asked how glia are distributed in the
developing optic tract relative to pre-target organization of ipsi- and
contralateral RGC axons. Thus, we first set out to determine whether
astrocytes are enriched in the optic tract region at early stages of reti-
nogeniculate pathway development. Aldh1l1 is a common marker spe-
cific to astrocytes during adulthood (Cahoy et al., 2008), but is also
expressed in radial glial cells during embryonic development (Molofsky
et al., 2013). To distinguish between astrocytes and radial glial cells, we
immunostained coronal sections through the optic tract of Aldh1l1-
eGFP mice for both GFP (to amplify the fluorescent signal of Aldh1l1+
axons) and the radial glial marker RC2 (Figure 1a,b), at four develop-
mental time points: embryonic day (E) 14, E16, E18, and postnatal day
(P) 0. At E14, the earliest-born RGC axons have navigated past the
optic chiasm and the tract is predominantly composed of contralateral
RGC axons, with some ipsilateral axons present as well. Both ipsi- and
contralateral axons continue to grow into the tract throughout the rest
of embryonic development, with most, if not all, RGC axons present in
the tract by PO. Thus, the ages assessed here span an important period
of retinogeniculate system development, as axons navigate through the
chiasm and optic tract en route to their thalamic target, the dLGN.

GFP expression (indicating Aldh111+ cells and processes) was apparent
at all ages examined. At E14 and E16, GFP expression was primarily radial
and co-localized with RC2, with cells exclusively labeled with GFP not pres-
ent until E18 (Figure 1c). Aldh1l1+ radial processes only sparsely invade
the tract region at E14, but extend fairly evenly across the mediolateral
width of the tract at E16. While Aldh1l1+ cell bodies were occasionally
observed within the optic tract of some E16 animals, distinct Aldh1l1+ cell
bodies did not consistently appear inside the tract until E18 and were not
particularly abundant at any stage examined here. Notably, at E18, the
Aldh111+ cell bodies found within the optic tract are qualitatively distinct

from those medial to the tract. Specifically, the morphology of Aldh1l1+
cells within the optic tract was elongated and flattened, with few, if any,
visible processes (Figure 1d, blue arrows). These oblong cells were also
found sparsely within the optic tract at PO, although more complex, ramified
Aldh1l1+ cells were also apparent by this age (Figure 1d).

In sum, we observe developmental changes in the presence and
morphology of Aldh1l1+ cells in and around the embryonic and new-
born optic tract, with radial glia processes reaching across the tract,
perpendicular to growing axons, prior to E18, and more clearly
delineated astrocyte cell bodies evident by E18. The distinct morpholo-
gies of astrocytes within and outside of the tract could indicate differ-

ent astrocyte functions in the two regions.

3.2 | Ipsilateral RGCs are positioned in the lateral two-
thirds of the optic tract by E18

We previously reported that ipsilateral RGCs are segregated by lateral-
ity within the optic tract (Sitko et al., 2018). Here, we confirmed the lat-
eralization of ipsilateral RGCs in the optic tract by quantifying the
distribution of zsGreen signal in the SERT-Cre::zsGreen mouse across
the mediolateral axis of the tract. SERT is expressed by ipsilateral, but
not contralateral, RGCs in the mouse (Garcia-Frigola & Herrera, 2010;
Koch et al., 2011). Here, we immunostained SERT-Cre::zsGreen brain
sections for zsGreen, identifying SERT+ RGCs and their axons, and the
axonal marker, NF, to identify the full width of the optic tract, at three
developmental time points: E16, E18, and PO. While ipsilateral RGC
axons are present in low numbers in the optic tract as early as E14,
expression of zsGreen in the SERT-Cre::zsGreen mouse is not detecta-
ble prior to E16, so our analyses began at this age.

In order to quantify the extent of zsGreen fluorescence, we divided
the optic tract into three coequal sectors—lateral, mid, and medial—with
a fixed length of 150 um along the extent of the tract (Figure 2b) and
measured the zsGreen integrated density (the product of the mean gray
value and the area) within each sector in four serial sections along the
rostrocaudal extent of the tract. The integrated density of zsGreen
fluorescence intensity is relatively low and uniform across all three
sectors of the optic tract at E16 (Figure 2a,c; p =.1726, one-way
ANOVA). By E18, zsGreen expression is higher and is localized to the
lateral and mid sectors of the tract, with fluorescence intensity highest
in these two sectors relative to the medial sector (Figure 2d; p = .0007,
one-way ANOVA,; Lateral vs. Mid, p = .0005, Mid vs. Medial, p = .0218,
Tukey’s multiple comparisons test). A similar pattern also exists at PO
(Figure 2e; p = .0046, one-way ANOVA,; Lateral vs. Mid, p = .0040; Mid
vs. Medial, p = .0428, Tukey’s multiple comparisons test). These results
confirm that SERT+ RGC axons are positioned with a lateral bias within
the optic tract by E18 and maintain this spatial segregation after birth.

3.3 | Aldh1l1+ cells are found within the optic tract
and are transiently elevated in number medially
outside of the tract

If astrocytes are involved in guiding the lateral position of ipsilateral
RGC axons and/or the segregation between ipsi- and contralateral
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FIGURE 2 Mediolateral segregation of ipsilateral RGCs in the optic tract. SERT-Cre::zsGreen+ axons (green in merge) represent the
ipsilaterally-projecting RGC axons in the optic tract (Neurofilament-positive, magenta in merge) (a) as schematized in (b). At E16, ipsilateral
RGC axons are sparse and not segregated mediolaterally within the optic tract (c). By E18 and PO, ipsilateral axons are positioned in the lat-
eral two-thirds of the optic tract (d, e). Groups were analyzed using a one-way ANOVA with Tukey’s multiple corrections test (n = 5-6).

p <.05 was considered statistically significant (*p <.05, **p < .01, ***p <.05). Error bars represent standard error of the mean. Scale

bars = 100 um

axons within the optic tract, then we might expect Aldh1l1+ cells to
show similar spatial segregation patterns along the mediolateral aspect
of the tract. To investigate this, we immunostained Aldh111-eGFP brain
sections through the optic tract for GFP and NF at E18 and PO, the
two developmental ages at which we observed Aldh1l1+ cell bodies
consistently located within the tract. The tract was again divided into
three coequal sectors—lateral, mid, and medial—and Aldh1l1+ cells in
each sector were counted in four serial sections along the rostrocaudal
length of the tract. Because we observed Aldh1l1+ cells outside of the
tract (Figure 1c), we counted Aldh1l1+ cells in two additional sectors
of equal width positioned on either outer side of the tract (Figure 3b).
Aldh1l1+ cells were significantly elevated in number outside the
medial edge of the tract at E18 (Figure 3a, c¢; p <.0001, one-way
ANOVA,; Lateral to Tract vs. Medial to Tract, p =.0014; Lateral vs.
Medial to Tract, p = .0020; Mid vs. Medial to Tract, p <.0001; Medial
vs. Medial to Tract, p =.0008, Tukey's multiple comparisons test).

Within the tract, there were no significant differences in number of
Aldh1l1+ cells between the lateral, mid, and medial sectors at either
E18 or PO. As such, the position of Aldh1l1+ cells in the tract does not
mirror the lateral position of ipsilateral RGC axons. Rather, there is a

preponderance of Aldh1l1+ cells in the gray matter medial to the tract.

3.4 | Microglia are found within the optic tract and are
elevated in number lateral to the tract

We explored the possibility that microglia, which have been shown to
express guidance molecules such as Plexin-Al and Neuropilin-1 (Majed
et al., 2006), may be well-positioned to guide RGC axon organization
and/or eye-specific segregation within the optic tract. To do this, we
immunostained Aldh1l1-eGFP mice for NF and the microglial marker
Ibal and repeated the sector analysis across the mediolateral axis of

the optic tract, as above. Because distinct Iba+ cell bodies are present
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FIGURE 3 Aldh1l1+ cell numbers in and around the optic tract. Aldh1l1+ cells (green in merge) are expressed throughout and along the
optic tract (magenta in merge) (a). Position of sectors analyzed is schematized in (b). Aldh1l1+ cells are elevated in number directly medial
to the optic tract at E18, but not at PO (c). Groups were analyzed using a one-way ANOVA with Tukey’s multiple corrections test (n = 5-6).
p <.05 was considered statistically significant (*p <.05, **p < .01, ***p <.05). Error bars represent standard error of the mean. Scale
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in the optic tract as early as E14, unlike the Aldh1l1+ signal, which
remains radial until later in embryonic development, we examined four
developmental time points: E14, E16, E18, and PO.

Similar to Aldh1l1+ cells, we found that microglia were few in
number but present in all sectors within the optic tract at all ages
examined (Figure 4a). Microglia were found in comparable numbers in
all segments within the tract (Figure 4 b). They were, however, found
in high numbers directly lateral to the tract (Figure 4b), where they
take on a less ramified, more amoeboid shape, compared with microglia
inside the tract (Figure 4a; E14, E16, E18, PO; p <.0001, one-way
ANOVA,; Lateral to Tract vs. Lateral, p <.0001; Lateral to Tract vs. Mid,
p <.0001, Lateral to Tract vs. Medial, p <.0001; Lateral to Tract vs.
Medial to Tract, p <.0001, Tukey's multiple comparisons test). These

results show that, similar to astrocytes, microglia are present in and
around the optic tract, but do not show expression patterns parallel to
ipsilateral RGC lateralization across the mediolateral axis within the
tract during late embryonic and neonatal development. Also similar to
our observations of Aldh1l1+ cells, the differences in microglia mor-
phology lateral to and within the optic tract likely indicate different
functions in the two areas.

3.5 | Glial density within the optic tract is
spatiotemporally dynamic

While our counts of Aldh1l1+ cells and microglia did not indicate a

preferential localization of glia to a particular mediolateral sector of the
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FIGURE 4 Microglia number in and around the optic tract. Microglia (green in merge) are expressed throughout and along the optic tract
(magenta in merge) (a) and are elevated in number directly lateral to the optic tract at all ages examined (b). Groups were analyzed using a
one-way ANOVA with Tukey’s multiple corrections test (n = 5-6). p <.05 was considered statistically significant (*p <.05, **p <.01,

***p <.05). Error bars represent standard error of the mean. Scale bars = 100 um
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optic tract, we sought to determine whether either cell type displayed
subtler mediolateral distribution patterns along the length of the tract.
To do this, we calculated glial density within lateral, mid, and medial
sectors of the tract, using the cell counts reported above for each of
the four serial sections through the tract, but taking into account tract
width and area. Because the width of the optic tract varies across sec-
tions within a given animal as well as across animals, analyzing the den-
sity of Aldhll1+ cells and microglia within each sector provides a
normalized quantification of glia distribution in the tract, offering more
insight than afforded by absolute cell number.

Plotting glial density within each mediolateral sector against the
position of the sectors along the rostrocaudal tract length revealed sig-
nificant differences in Aldh1l1+ cell density across the mediolateral
axis at E18 (Figure 5a; p = .0194, two-way ANOVA). Post-hoc analysis
showed that Aldh1l1+ cell density is significantly higher in the lateral
sector compared to the mid sector at E18 (p =.0199, Tukey's multiple
comparisons test). However, the bias of Aldh1l1+ cells toward the lat-
eral sector of the optic tract appears to be transient—by PO, Aldh111+
cells are evenly distributed throughout the optic tract, with no signifi-
cant differences in glial density between the lateral, mid, and medial
sectors of the tract (Figure 5a).

Similarly, we identified statistically significant differences in micro-
glia density across the mediolateral axis of the optic tract (Figure 5b) at
E18 (p=.0475, two-way ANOVA) and PO (p=.0338, two-way
ANOVA), but not E14 (p=.1086, two-way ANOVA) and E16
(p = .3332, two-way ANOVA). While post-hoc analysis did not reveal
any significant differences between mediolateral sector pairs at E18,
microglia within the tract were higher in density in the lateral sector
than in the mid sector at PO (p =.0205, Tukey's multiple comparison
test). Thus, microglia are evenly distributed throughout the mediolateral
axis of the optic tract at earlier ages of development, when RGCs are
initially growing into the tract, but by birth, begin to show a bias toward
the lateral aspect of the optic tract.

3.6 | Aldh1l1+ cells, but not microglia, are biased
toward the dLGN along the rostrocaudal axis of the
optic tract

Using the same analysis as above, we next investigated whether glia
are evenly distributed throughout the rostrocaudal extent of the optic
tract, from just caudal of the optic chiasm to the dLGN. Examining
Aldhl1l1+ cell density across all four serial sections indicated that
Aldh1l1+ cell density changes along the rostrocaudal axis of the optic
tract at both E18 (p =.0122, two-way ANOVA) and PO (p =.0109,
two-way ANOVA). At both ages, Aldh1l1+ cell density increases from
the anterior tract (i.e., the section just caudal to the optic chiasm) to
the posterior tract (i.e., the caudal-most section, as the tract nears the
dLGN) (Figure 6a). This effect appears specific to Aldh1l1+ cells, as
microglia density is consistent across the rostrocaudal extent of the
optic tract at each age tested (Figure 6b; E14, p=.6923; E16,
p =.2926; E18, p =.8481; PO, p = .4459, two-way ANOVA). The dif-
ferences in Aldhlll+ cell and microglia distribution along the

rostrocaudal axis suggest that the two cell types may have distinct
roles in optic tract development as RGC axons approach their thalamic

target.

4 | DISCUSSION

Astrocytes are important mediators of axon guidance at choice points
in developing neural circuits, such as the optic chiasm (reviewed in Her-
rera et al., 2017; Petros et al., 2008). Both astrocytes and microglia play
a variety of roles in the developing nervous system beyond guidance at
intermediate choice points (reviewed in Corty & Freeman, 2013),
including axon outgrowth and laminar position of neurons (Squarzoni
et al.,, 2014), developmental pruning and plasticity (Schafer et al., 2012),
and fasciculation and organization of axons (Pont-Lezica et al., 2014).
In the visual system, changes in glial morphology and orientation from
the nerve to the chiasm have been suggested to play a role in establish-
ing topographic (e.g., Reese et al, 1994) or age-related order (e.g.,
Maggs & Scholes, 1986; Reese et al., 1997) of growing RGC axons, but
this has not been fully investigated, and glia in the mouse optic tract in
particular remain poorly understood.

We aimed here to assess features of two types of glia—presump-
tive astrocytes (using genetic labeling of Aldh1l1) and microglia (using
immunohistochemical labeling of Ibal)—in and around the developing
optic tract, as they relate to ipsilateral RGC axon position in the lateral
aspect of the tract and segregation of ipsi- and contralateral RGC
axons. Specifically, we examined the numbers and distribution of astro-
cytes and microglia along the mediolateral and rostrocaudal axes of the
tract, assessing whether and how glial morphology and distribution
change over the course of tract development, from early axon growth
into the tract at E14 through birth, when pre-target axon organization
has been established within the optic tract. While we found that glial
positioning did not parallel the mediolateral segregation of eye-specific
RGC axons, we observed distinct spatiotemporal organizational pat-
terns in the distribution of Aldhll1l-expressing astrocytes and lbal-
expressing microglia, expanding our understanding of the distribution
of these cells relative to the growing retinogeniculate axon tract during
a significant developmental period.

Aldh1l1+ cells and microglia are present in comparable numbers in
the lateral-most two-thirds of the optic tract, where ipsilateral axons
reside (see Figure 2 and Sitko et al., 2018), and in the medial third of
the tract, where contralateral axons predominate. The relatively uni-
form number of both Aldh1l1+ cells and microglia in each of the sec-
tors across the mediolateral axis of the optic tract is consistent across
all developmental ages examined. However, analyzing the density of
glia along both the mediolateral and rostrocaudal axes provided more
insight into the overall distribution of astrocytes and microglia in the
developing tract. Namely, Aldh1l1+ cells are transiently biased toward
the lateral tract and are consistently distributed closer to the dLGN
along the rostrocaudal axis, while microglia display no rostrocaudal dis-
tribution patterns during development but are preferentially distributed
to the lateral tract at birth (Figures 5 and 6). Additionally, there is a pre-
ponderance of Aldh1l1+ cells and microglia outside of the tract,
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FIGURE 5 Aldh1l1+ cell and microglia density in the mediolateral dimension within the optic tract. Aldh1l1+ cell density is higher in the
lateral-most sector within the optic tract at E18, but not PO (a). Microglia density is consistent throughout the optic tract at earlier ages,
E14 and E16 (b). By E18, however, microglia density is higher in the lateral-most sector of the optic tract, a pattern that is maintained
through birth. Groups were analyzed using a one-way ANOVA with Tukey's multiple corrections test (n = 5-6). p <.05 was considered stat-
istically significant (*p <.05, **p <.01, ***p <.05). Error bars represent standard error of the mean
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FIGURE 6 Aldh1l1+ cell and microglia density throughout the optic tract in the rostrocaudal dimension. Aldh111+ cell density increases toward the
caudal aspect in the posterior sections of the optic tract at both E18 and PO (a). In contrast, microglia density is consistent throughout the optic tract in
the rostrocaudal dimension at all ages examined (b). Groups were analyzed using a one-way ANOVA with Tukey's multiple corrections test (n = 5-6).
p < .05 was considered statistically significant (*p < .05, **p < .01, ***p < .05). Error bars represent standard error of the mean
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medially and laterally, respectively, throughout embryonic and neonatal
optic tract development (Figures 3c and 4b).

The distribution patterns of the glia presented here do not directly
implicate either class of cells in mediating ipsilateral RGC axon position
to the lateral tract or the segregation between ipsilateral and contralat-
eral axons previously reported (Sitko et al., 2018). However, the subtle
bias of both Aldh1l1+ cells and microglia toward to the lateral segment
of the tract at the end of embryonic development (Figure 5) is sugges-
tive of a possible role in the lateral position of ipsilateral retinal axons.
Even in the absence of direct spatial relationships between ipsilateral
RGC axons and astrocytes or microglia, however, glia may well contrib-
ute to eye-specific segregation of RGC axons en route to the dLGN
and SC by presenting molecular cues specific to ipsi- and contralateral
RGC axons. One limitation of our study is that by using Aldh1l1 and
Ibal as markers of astrocytes and microglia, respectively, we are blind
to the molecular heterogeneity within either population of cells. Both
astrocytes and microglia are highly heterogeneous groups of cells with
subpopulations engaging in a variety of specific roles, the details of
which are still being actively explored (Chai et al., 2017; Grabert et al.,
2016). Indeed, we observed two distinct populations of Aldh1l1+ cells
in the optic tract—those colocalized with RC2 and those expressing
Aldh1l1-eGFP alone. Future studies could utilize additional known glial
markers, including GFAP, Vimentin, Aquaporin-4, and S1008, to iden-
tify specific subsets of astrocytes relative to RGC axon cohorts. Single
cell RNA sequencing of putative astrocytes isolated from the optic
tracts of Aldh1l1-eGFP mice could provide even more insight into the
heterogeneity of optic tract astrocytes in the future. Sequencing
experiments would likely reveal novel markers for subsets of astrocytes
in the tract, which histological analyses could then relate to ipsilateral
and contralateral RGC axon cohorts.

Aldh1l1+ cell density increases with proximity to the dLGN along
the rostrocaudal axis of the optic tract at both E18 and PO (Figure 6).
This is in contrast with microglia, which are evenly distributed along
the rostrocaudal axis of the optic tract at all ages examined, suggesting
that the two cell types are functionally divergent in tract development.
One possible explanation for the increase in rostrocaudal density of
Aldh1l1+ cells near the dLGN is that the flattened, elongated
Aldhl1l1+ cells we observe may be migrating along the optic tract
toward the target. It is also possible that, along the lines of Vivien Casa-
grade’s findings (Hutchins & Casagrande, 1988, 1990), Aldh1l1+ cells
act as mediators of early targeting to the dLGN, guiding axons as they
exit the tract to enter the target. These two explanations are not mutu-
ally exclusive, and further study will be required to elucidate the signifi-
cance of increasing astrocyte density as RGC axons approach the
dLGN.

Embryonic day 18 emerges as an important developmental time
point in our analyses. Specifically, coincident with ipsilateral RGCs seg-
regating into the lateral two-thirds of the optic tract (see Figure 2 and
Sitko et al., 2018), distinct flattened, elongated Aldh1l1+ cells appear
in the tract and are temporarily biased toward the lateral-most sector
of the tract. Outside of the tract, Aldh1l1+ cells are higher in number
directly medial to the tract at E18, a pattern that is also no longer pres-

ent by PO (Figure 3c). Microglia, which are evenly distributed across
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the mediolateral axis of the tract at E14 and E16, also become lateral-
ized at E18 (Figure 4b). In contrast with Aldh1l1+ cells, however,
microglial lateralization persists through birth. The concurrence of
these features of glial distribution with the emergence of clear ipsilat-
eral segregation to the lateral optic tract suggests a potential relation-
ship between glia and axon position. Understanding the molecular
profiles of both glia and eye-specific cohorts of retinal axons in the
tract will help elucidate whether such a relationship exists, what the
nature of that relationship might be, and how it may contribute to the
development of the retinogeniculate circuit.

Glia are located in relatively high numbers directly outside of the
optic tract at all ages examined, as compared with glia number within
the tract. Curiously, while this is true for both cell types we examined,
Aldh1l1+ cells are primarily located on the outer medial edge of the
tract along the gray matter, while microglia are primarily located on the
outer lateral aspect of the tract, along and outside of the glia limitans.
The microglia lateral to the tract are amoeboid in morphology, rather
than the ramified microglia seen inside the optic tract. How these mor-
phological differences might influence their relationship with and possi-
ble effects on retinal axons in the optic tract is unclear.

Appreciation of cellular morphology and organization in developing
tissues has a rich history in neurobiology, reaching back to seminal
work by Santiago Ramoén y Cajal, and anatomical approaches have
helped elucidate many novel and important principles of neural devel-
opment (Godement, Salaun, & Mason, 1990; Guillery & Walsh, 1987
Hutchins & Casagrande, 1988). The qualitative and quantitative
account of the distribution of glia cells presented here builds on this
legacy and furthers our understanding of the spatiotemporal dynamics
of astrocytes and microglia in the embryonic and neonatal mouse optic
tract. This knowledge provides a necessary foundation for probing the
molecular mechanisms of glial contributions to axon growth and organi-

zation within the developing tract in the future.
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