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ABSTRACT

We combined fixed-tissue and time-lapse analyses to
investigate the axonal branching phenomena underlying
the development of topographically organized ipsilateral
projections from area 17 to area 18a in the rat. These
complementary approaches allowed us to relate static,
large-scale information provided by traditional fixed-tis-
sue analysis to highly dynamic, local, small-scale
branching phenomena observed with two-photon time-
lapse microscopy in acute slices of visual cortex. Our
fixed-tissue data revealed that labeled area 17 fibers
invaded area 18a gray matter at topographically re-
stricted sites, reaching superficial layers in significant
numbers by postnatal day 6 (P6). Moreover, most paren-
tal axons gave rise to only one or occasionally a small
number of closely spaced interstitial branches beneath
18a. Our time-lapse data showed that many filopodium-
like branches emerged along parental axons in white

matter or deep layers in area 18a. Most of these filopo-
dial branches were transient, often disappearing after
several minutes to hours of exploratory extension and
retraction. These dynamic behaviors decreased signifi-
cantly from P4, when the projection is first forming,
through the second postnatal week, suggesting that the
expression of, or sensitivity to, cortical cues promoting
new branch addition in the white matter is developmen-
tally down-regulated coincident with gray matter inner-
vation. Together, these data demonstrate that the
development of topographically organized corticocortical
projections in rats involves extensive exploratory
branching along parental axons and invasion of cortex
by only a small number of interstitial branches, rather
than the widespread innervation of superficial cortical
layers by an initially exuberant population of branches.
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In the cerebral cortex, a hierarchy of topographically
interconnected cortical areas processes information
relayed by sensory systems. Previous studies in many
species have argued that the mature patterns of cortico-
cortical connections develop from widespread neonatal
distributions of projection neurons (Wise and Jones,
1976; Innocenti et al., 1977). In contrast, at early stages
of development, most anterogradely labeled axons are re-
stricted to white matter and appear to invade gray matter
only in those cortical regions where they are found in the
adult (Olavarria and Van Sluyters, 1985; Aggoun-Zouaoui
and Innocenti, 1994; Kennedy et al.,, 1994; Caric and
Price, 1996; Barone et al., 1996; for review see Innocenti
and Price, 2005). In rodents, studies of the development
of the interhemispheric callosal pathway show that paren-
tal axons navigate through white matter or lower cortical
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layers, often growing past their targets, and give rise to
interstitial branches that extend toward the pia in regions
that are callosally innervated in adults (Hogan and Ber-
man, 1990; Fish et al.,, 1991; Norris and Kalil, 1992;
Hedin-Pereira et al., 1999; Ding and Elberger, 2001; Ola-
varria and Safaeian, 2006). Similar observations have
been made in studies of ipsilateral corticocortical connec-
tions in the cat (Kennedy et al., 1994; Caric and Price,
1996) and monkey (Barone et al., 1996).
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However, little is known about the details of the pro-
cess by which organized topography develops in cortico-
cortical connections. At present, it is unclear whether the
growth of interstitial branches and elaboration of axon
arbors in gray matter is precise from the start or whether
an extensive remodeling process is required for the
establishment of topography within corticocortical target
regions. A recent study found that the topography of cor-
ticocortical callosal connections in rats neonatally
enucleated by postnatal day 4 (P4) is markedly different
from that in normal animals even from the onset of corti-
cal innervation. These findings provide evidence that early
enucleation leads to abnormal corticocortical maps not
by interfering with a remodeling process but by altering
topographic cues guiding the invasion of interstitial axon
branches into gray matter (Olavarria and Safaeian, 2006).

Previous work, based solely on the analysis of fixed tis-
sue, does not provide the temporal and spatial resolution
that is needed for a detailed description of local, dynamic
processes that may occur during map formation. Recent
studies incorporating living tissue and high-resolution time-
lapse imaging techniques have revealed dynamic proc-
esses that appear to play an important role in the develop-
mental remodeling of dendrites, dendritic spines, and
axons, including the addition or retraction of many more
branches and filopodia than are evident at any single time
point (O’Rourke et al., 1994; Dunaevsky et al., 1999; Lend-
vai et al., 2000; Cline, 2001; Tashiro et al., 2003; Ruthazer
et al, 2003; Majewska and Sur, 2003; Hua et al., 2005;
Knott et al., 2006; Portera-Cailliau et al, 2005). However,
in vivo time-lapse imaging of axons growing deep in the
cortex or in white matter is not currently practical.

We therefore set out to study the development of pro-
jections from area 17 to ipsilateral area 18a using two-
photon time-lapse imaging in acute slices of the rat visual
cortex (Halloran and Kalil, 1994; Bastmeyer and O’Leary,
1996). To assess early topographic mapping, we first per-
formed a quantitative analysis in fixed tissue of the distri-
bution and topography of interstitial branches in area 18a
following injections of anterograde tracers into area 17 of
neonatal rats. Our two-pronged analysis suggests that
the frequency of small filopodium-like processes explor-
ing white matter decreases with age as the projection
map forms and that only one or a small fraction of these
many fine branches will ultimately lead to a stable projec-
tion that innervates the overlying gray matter. Abstracts
of these results have been presented previously (Olavar-
ria et al., 2003, 2006).

MATERIALS AND METHODS

Our study is based on data obtained from first- and
second-postnatal-week rat pups. Pregnant rats were

monitored several times daily, and the births of the litters
were determined to within 12 hours. The first 24 hours
are considered PO. All surgical procedures were per-
formed according to protocols approved by the Institu-
tional Animal Care and Use Committees at the University
of Washington and the Montreal Neurological Institute of
McGill University.

Axon labeling for live imaging

In area 18a of adult rats, a 2-mm-wide strip of cortex
adjacent to the lateral border of area 17 (see Fig. 1)
contains several separate representations of the visual
field, each of which maintains retinotopically organized
connections with area 17 (e.g., areas AL, LM, PL, P;
Montero et al., 1973; Olavarria and Montero, 1984; Coo-
gan and Burkhalter, 1993). A common feature of the
maps in these areas is that the azimuthal axis is repre-
sented as a compressed mirror image of its representa-
tion in V1 (Montero et al., 1973; Olavarria and Montero,
1981, 1984; Coogan and Burkhalter, 1993). Axonal pro-
jections from area 17 to area 18a were labeled in vivo
with the fluorescent tracers AlexaFluor 488 dextran or
AlexaFluor 594 dextran (Invitrogen; 5% w/v in 0.1 M
phosphate buffer). Pups (up to P7) were anesthetized by
hypothermia, and small injections of the tracer (total
volume of about 0.01 pl) were placed into presumptive
area 17, at about 0.5 mm anterior to the lambda suture
and 3.0 mm from the midline. The topographical loca-
tion of the injection site in area 17 was confirmed by
analyzing the position of the labeling field in ipsilateral
dorsal lateral geniculate nucleus (dLGN; Fig. 1D). Fur-
thermore, because the dLGN does not project to sec-
ondary visual areas in the rat cortex, the presence of
labeling in the dLGN is evidence for accurate targeting
of the injection into area 17. In pups, area 17 extends
about 3.5 mm from the midline (unpublished observa-
tions), so injections close to the lateral border of area
17 minimize the distance between the origin and the
termination of the neural projection, increasing the
chances that both the soma and the growing axon of la-
beled cells are contained in the same coronal slice.
However, we cannot rule out the possibility that some
of the axons that we studied were severed during slice
preparation because we were not always able to follow
the axons to the cells of the origin because of the
intense brightness of the fluorescent tracer near the
injection site. A previous study in vivo reported that reti-
nal axons that were severed by removing the retina con-
tinued to grow for periods of many hours (Harris et al.,
1987), suggesting that severed axons contain the ma-
chinery responsible for their dynamic behavior.
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Acute slice preparation

One or more days after the dextran injections, P4-7
pups were deeply anesthetized by hypothermia, whereas
pups older than P7 were anesthetized by inhalation of iso-
flurane. As described previously (Olavarria et al., 2007),

Cortical axon branching in white matter

occipital cortical blocks were rapidly resected, glued to
the stage of a vibrating microtome (Leica), and immersed
in ice-cold “cutting” solution composed of (in mM): 5 KClI,
1.25 KH,PO,4, 26 NaHCO3, 5 MgCl,, 20 TEA-CI, 105 chol-
ine-Cl, 20 sucrose, and 10 dextrose (pH 7.2; 320 mOsm).
Coronal slices (300 pum thick) from the visual cortex (see
Fig. 1B,C) were cut and transferred into a chamber filled
with artificial cerebrospinal fluid (ACSF) and kept at 35°C
for 1 hour. The ACSF contained (in mM): 130 NaCl, 3 KCl,
2 CaCl,, 1.25 NaH,P0O,4, 26 NaHCOj3, 2 MgCl,, and 10
dextrose and was kept at pH 7.3-7.4 by bubbling with a
5% CO,/95% O, mixture. After this initial period, the sli-
ces were kept at room temperature until use.

Time-lapse imaging

Brain slices were submerged in a chamber mounted on
a fixed stage of an Olympus BX6 1WI microscope and per-
fused continuously with carbogenated ACSF (36°C) flow-
ing at a rate of 3-4 ml/min. Time-lapse images of axons
labeled with fluorescent dextrans were acquired using
Fluoview (Olympus) software and a custom-modified two-
photon laser scanning microscope with an Olympus x40
(0.8 NA) or x60 (0.9 NA) water immersion lens. Labeled
axons in deep cortical layers or in white matter were
imaged at 2 to 60-minute intervals for periods ranging
from 20 minutes to 8 hours. This allowed us to document
the branch dynamics at different temporal resolutions,
but for relatively short observation periods. In experi-
ments in which we investigated the developmental regu-
lation of branch dynamics, we used intervals of 10
minutes or less. At the end of most imaging sessions,
low-power (10x, 0.25 NA air objective) brightfield and
fluorescence images were taken to record the depth and
position of the imaged field in the slice.

At each time point, a z-series at 1-um intervals was col-
lected. At this resolution, the parental axon of emerging
branches could be identified unambiguously. Side
branches measuring 2 um or more in length were ana-
lyzed. The dynamic remodeling of the axon arbors was

Figure 1. Tracer injections into area 17 to reveal anterogradely
labeled axons projecting from area 17 to ipsilateral area 18a.
Medial is to the left. A: Diagram of top view of right hemisphere
showing areas 17 and 18a and approximate location of the intra-
cortical injection of anterogradely transported fluorescent tracers
dextran Alexa into area 17. B: Diagram of coronal tissue section
taken at the level of the horizontal bar in A illustrating the tracer
injection in area 17 and the location of the labeled fibers in area
18a analyzed with time-lapse methods (blue box near white mat-
ter). Arrow indicates presumptive 17/18a border. C: Low-power
image of coronal tissue section showing an injection of Alexa 594
into area 17. D: Image from a coronal section showing the an-
terogradely labeled field observed in the ipsilateral dLGN follow-
ing the Alexa 594 injection shown in C. Scale bar = 500 um.
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measured by quantifying the loss and gain of identified
side branches from each individual arbor from one obser-
vation to the next using custom macros for Object Image
software (Ruthazer and Cline, 2002). Digital images of the
primary axon and of axon branches were drawn by hand
at each observation time point, and the resulting draw-
ings were carefully superimposed for all observations.
The primary axon and each branch were identified and
measured separately. The data were entered into Excel
spread sheets and analyzed by using custom macros. Pa-
rameters analyzed included rate of branch addition or
elimination per length of the primary axon per hour, cu-
mulative growth and retractions rates, orientation of
branch (e.g., toward white matter or gray matter), rate of
growth or retraction for individual branches, lifetimes and
age-related changes in branch density and dynamics. In
total, 79 axons from rat pups aged between P4 and P12
were analyzed.

Axon labeling for fixed-tissue analysis

Tracer injections were made in animals anesthetized
either by hypothermia or with halothane (0.5-1.5% in air).
Biotinylated dextran amine (BDA; 10% in DW; Molecular
Probes, Eugene, OR) was used to perform a large-scale
analysis of the distribution of interstitial branches in area
18a of 22 pups ranging in ages from P3 to P9. Single,
small injections of BDA (~0.01 pl) were placed in pre-
sumptive area 17, at a distance of 2.8-3.5 mm from the
midline and about 0.5 mm anterior to the lambda suture.
To study the development of topography in the 17-18a
projection, small injections of AlexaFluor 488 and Alexa-
Fluor 594 dextrans (5% w/v in 0.1 M phosphate buffer)
were made into different mediolateral loci (separated by
300-700 pm) in area 17 in three pups at P5. For all trac-
ers, the topographic location of the injection sites in area
17 was confirmed by analyzing the position of the retro-
gradely labeled field in ipsilateral dLGN. Both BDA and
Alexa dextran tracers were pressure injected through
glass micropipettes (50-100 um tip diameter). The pip-
ette containing the tracers was lowered to about 600-
800 pm, and about 1 minute after the injection it was
slowly retracted. All injections analyzed were restricted
to the gray matter. In determining the ages for injecting
and perfusing the animals, we assumed that the pattern
of connections revealed with BDA and Alexa dextran is
that present at the time of perfusion (Simon and O’Leary,
1992).

Histochemical processing

After a 24-48-hour survival time, the animals were
deeply anesthetized with pentobarbital sodium (100 mg/
kg i.p.) and perfused through the heart with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate

buffer (PB; pH 7.4). The brains were removed and those
injected with BDA were left overnight in 30% sucrose and
0.1 M PB. The BDA data were analyzed in series of 80-
pum-thick coronal sections obtained using a freezing
microtome. BDA labeling was revealed using the standard
avidin-biotin-peroxidase protocol (Vectastain Elite ABC
kit; Vector, Burlingame, CA) and 0.01% H,0, in 0.05%
3,3'-diaminobenzidine, with cobalt or nickel intensifica-
tion; sections were then mounted, dehydrated, defatted,
and coverslipped. Brains injected with Alexas were sec-
tioned in the coronal plane (100-pm-thick sections) using
a vibrating microtome (Leica). After being mounted and
coverslipped with Vectashield (Vector) as the mounting
medium, these sections were analyzed and photographed
at x20 (0.25 NA air) using an Axiovert epifluorescent
microscope (Zeiss) equipped with a digital camera
(Optronics).

Data acquisition and analysis

Patterns of BDA-labeled fibers were analyzed using a
microscope equipped with a motorized stage (LEPCO)
controlled by a Dell XPS T500 computer and a graphic
system (Neurolucida; MicroBrightField, Williston, VT). The
location of the injection sites in presumptive area 17 was
determined by estimating the location of this area in
Nissl-stained sections. However, because the lesions pro-
duced by the injections often made it difficult to analyze
local cytoarchitectonic patterns, a more reliable way to
assess the location of the tracer injections was provided
by the analysis of the distribution of anterogradely la-
beled fields within the ipsilateral dLGN (see Fig. 2A,B;
Montero et al.,, 1968; Godement et al.,, 1979; Warton
etal, 1988).

Sections taken from the injected hemisphere were
examined, and one or more sections passing through the
center of the injections were photographed to illustrate
the location and size of the tracer deposits (see Fig. 2A).
Histological sections passing through areas of highest
labeling density were selected for detailed analysis of the
distribution of anterograde fiber labeling, and some of
these sections were used to illustrate the results
obtained. To estimate the location and number of
branches that originated from individual parental axon
segments at P6, we examined the cortex lying between
the injection site and the termination zone in area 18a
and drew (40x, 0.85 NA air) the parental axon segments
that we observed in lower cortical layers and white matter
as well as the interstitial branches that emerged from
them. We considered only branches that could easily be
distinguished (>10 pm in length) and that unambiguously
originated from axons coursing mediolaterally. When
more than one branch originated from a single parental
axon segment, the distance between these branches was
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measured. Finally, we counted the number of branches
that emerged from single parental axon segments. These
segments were divided into three groups measuring 100-
300 um, 301-500 pum, and 501-800 um in length. Fig-
ures were prepared in Adobe Photoshop CS2, and all
image processing used, including contrast enhancement
and intensity level adjustments, was applied to the entire
image and never locally.

RESULTS

Corticocortical projection neurons in primary visual
cortex (area 17) extend their axons ventrally into the
white matter, where they turn and join parallel tracts to
run either in a lateral direction in the case of projections
to secondary visual areas including area 18a or medially
in the case of interhemispheric callosal projections. In
the adult rat, projections from area 17 innervate area 18a
in a topographically organized fashion (Montero et al.,
1973; Olavarria and Montero, 1981, 1984; Coogan and
Burkhalter, 1993). Although occasionally axons will cross
between cortical areas without first exiting the gray mat-
ter, the vast majority of interarea corticocortical projec-
tions from area 17 are made by axons that first travel
some distance through the subcortical white matter
before axons or branches enter cortical targets in extras-
triate areas. This raises the question of whether, during
development, corticocortical axons in the white matter
branch to grow precisely toward their adult targets or ex-
hibit initial exuberance in cortical innervation sites fol-
lowed by elimination of mistargeted interstitial axon
branches.

Histological reconstruction and analysis of
corticocortical axons

We designed anatomical experiments to analyze the
distribution of relatively long interstitial branches in area
18a following discrete injections of BDA into area 17 of
neonatal rats (Fig. 1). Our objectives were to obtain infor-
mation about the timing of gray matter invasion by inter-
stitial branches, the precision of this invasion, and the de-
velopment of corticocortical topography. We placed
injections of BDA into area 17 in pups at ages P1 (n = 2),
P2 (n=2),P3 (n=2),P4 (n=9),P6 (n=4),and P7 (n
= 3), which were perfused at P3, P4, P5, P6, P8, and P9,
respectively. Although a contingent of labeled fibers was
present in white matter below area 18a at P3, we
observed only a few, short fibers invading deep aspects
of the gray matter. By P5, a few longer fibers extended to
layer 5 and occasionally up to the cortical plate from
which layers 2 and 3 will differentiate (data not shown).
Many of these fibers originated at right angles from pa-
rental axons that continued their mediolateral trajectory

Cortical axon branching in white matter

in white matter or deep cortical layers without turning
into gray matter. These observations are similar to previ-
ous studies in rodents showing that interhemispheric cal-
losal fibers often form as interstitial branches from paren-
tal axons navigating in white matter or deep cortical
layers (Norris and Kalil, 1992; Hedin-Pereira et al., 1999;
Ding and Elberger, 2001; Olavarria and Safaeian, 2006).
The progressive ingrowth of fibers into area 18a closely
paralleled the cytoarchitectural differentiation of the cort-
ical layers from the dense cortical plate. At P6, when all
cortical layers have differentiated from the cortical plate
(Ignacio et al., 1995), radially oriented fibers of simple
architecture extended to supragranular layers in area
18a, often reaching layers 1 and 2.

To assess the density and precision with which axon
branches invade upper cortical layers, we analyzed the
distribution of BDA-labeled fibers in area 18a in P6 and
P8 pups. Comparison of the labeling pattern observed in
P6 (Fig. 2A,B) animals with that observed at P8 (Fig. 3A)
and in adult rats (Fig. 3B; Olavarria and Montero, 1984;
Coogan and Burkhalter, 1993) shows that the density of
labeled fibers is significantly lower in P6é pups, suggesting
that both the number of fibers innervating area 18a and
their arborization patterns are still very immature at this
age (Dong et al., 2004). However, analysis of the distribu-
tion of labeled fibers in area 18a following a single, small
injection of BDA into area 17 revealed that a distinct ter-
mination zone could be identified in 18a as early as Pé
and that the invasion of interstitial fibers was focused to
a narrow cortical column (Fig. 2A,B). Analysis of the
branch distributions at P6 of area 17-to-18a projecting
axons from nine rats injected with BDA at P4 was per-
formed by reconstructing the segments of labeled axons
in histological sections that included the innervation zone
(Fig. 2C,D). The top panel in Figure 2C illustrates the dis-
tribution of parental axon segments with one or more col-
lateral branches. Analysis of 189 branches emerging from
136 axon segments of different lengths shows that the
number of branches emerging from the same parental
axon is low (1.39 = 0.067 branches per axon). Because
many of the parental axon segments analyzed in a histo-
logical section were relatively short, we were concerned
that the low number of branches observed could be an ar-
tifact of the large fraction of short parental segments.
However, parental axon segment length did not appear to
impact this finding. The bottom panel in Figure 2C shows
that, regardless of the length of the parental axon seg-
ment, the distribution is strongly skewed in favor of those
axons with just one or two branches extending from
them. Segments measuring 100-300 pm (N = 93) had
only 1.2 = 0.065 branches that innervated the gray mat-
ter per axon. The number of branches from longer seg-
ments of 301-500 um (N = 37) in length was slightly but

The Journal of Comparative Neurology | Research in Systems Neuroscience 4967



Ruthazer et al.

not significantly greater (1.5 = 0.14; P > 0.05, Kruskal parental axon length. A small number of segments meas-
Wallis test), providing evidence that measurements of uring 501-800 um (N = 6) could be reconstructed, from
branch number were not likely to have been impacted by which an average of 2.3 = 0.61 branches emerged. This
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was significantly greater than the number of branches on
shorter segments (P < 0.01 vs. 100-300 um group, P <
0.05 vs. 301-500 um group, Kruskal-Wallis with Dunn
posttest), raising the possibility that these axonal seg-
ments might have given off branches innervating multiple
target zones within several adjacent extrastriate areas.

The few cases in which multiple branches emerged
from a single parental axon can provide further clues
regarding whether a small, early population of exuberant
branches could account for plasticity in the projection
map. We measured the distance between neighboring
branches in parental axon segments of different lengths
having more than one branch (top panel in Fig. 2D). The
mean distance between neighboring branches (N = 49
measurements) was only 83.6 £ 8.21 um, consistent
with the idea that when axons emit multiple interstitial
branches these tend to be closely spatially clustered. The
bottom panel in Figure 2D illustrates that length of the pa-
rental axon segment again had no impact on this finding,
insofar as interbranch distances of <50 pm were
observed in 70.8% of axons measuring 100-300 pm,
52.9% of axons measuring 301-500 um, and 62.5% of
axons measuring 501-800 um (P = 0.93, xz test). The
proportion of axons with branches separated by distan-
ces greater than 150 um was low (10.2%).

These results provide evidence that only one or a few
collateral branches are found on single parental axons in
area 18a, and, when more than one branch does occur on
single axons, these branches tend to be closely spaced.
These data suggest that discrete termination zones in
area 18a form by the initial extension of interstitial
branches at correct places rather than by extensive elimi-
nation of exuberant or mistargeted branches. In a small
percentage of measurements (4.1%), we did find that the
distance between neighboring emerging branches was as
high as 250 pum (Fig. 2D), but we could not trace pairs of
these branches to determine whether or not they con-
verged to the same terminal region as they extended to-
ward the pia (see, e.g., Hedin-Pereira et al., 1999).

Cortical axon branching in white matter

We also studied older animals to determine whether
subsequent growth of the projection and elaboration of
terminal arbors might temporarily degrade the relatively
focused innervation pattern that we observed at Pé. In
animals injected at P6 and P7 and studied at P8 and P9,
respectively (n = 7), we found that a restricted injection
of BDA into area 17 always produced a well-defined ter-
mination zone in area 18a (Figs. 3A, 4F), similar to that
observed in adult animals (Fig. 3B), arguing that the map
is unlikely to be degraded by further growth at any point
during development.

Double-fluorescent injections: development
of topography

Data from pups injected with BDA indicate that there is
progressive growth of fibers into gray matter, with a sig-
nificant number of fibers reaching superficial layers by
P6. Moreover, BDA data show that ingrowth of collateral
branches is narrowly focused to a column within the cor-
tex, suggesting that the invasion of fibers into gray matter
occurs at well-defined topographic sites. To study the to-
pography of the 17-18a projection just as growing fibers
reach superficial layers of area 18a, we made paired
injections of two differently colored fluorescent tracers
into area 17 at P4 and studied the distribution of labeled
fibers in 18a at P6. Figure 4A-E shows the results
obtained in an animal in which the area 17 injections of
AlexaFluor 488- and AlexaFluor 594-conjugated dextrans
were separated by 350 um in the mediolateral direction.
Low-magnification images of the injection sites and area
18a projections as they appear in the same section la-
beled with both tracers are shown in Figure 4A (Alexa
594) and C (Alexa 488). Higher magnification views of
area 18a projections labeled with each tracer are shown
in Figure 4B,D, respectively. A drawing of the data in this
single section is shown in the upper panel in Figure 4E,
and a reconstruction of the data in this section and in two
additional neighboring sections is shown in the bottom

Figure 2. Area 17-18a projections at P6. A,B: Images from coronal tissue sections from two animals illustrating the area 17-18a projec-
tions labeled following discrete intracortical injections of the anterogradely transported tracer BDA into area 17. Medial is to the left. Both
animals (case L47 BN in A and case L47 FN in B) were injected with BDA at P4 and studied at P6 (P4/6). Darkly stained field to the left
in A corresponds to the tracer injection, and the vertical arrow indicates approximate location of 17/18a border. The injection site is not
shown in B. Labeled fibers in area 18a accumulate in column-like fields in regions indicated by the horizontal arrows. The drawing to the
right in B is a reconstruction of the labeled field from two neighboring sections. Lower insets show restricted BDA-labeled fields (indicated
by arrows) in the dLGN ipsilateral to the injection sites. C: Top histogram illustrates the distribution of parental axon segments with one
or more collateral branches independent of the length of the parental axon segment analyzed. Bottom histogram illustrates the distribution
of parental axon segments with one or more collateral branches as a function of the length (coded by different colors) of the parental
axon segment analyzed. D: Top histogram illustrates the distribution of distances between neighboring branches observed in parental axon
segments with more than one branch, independent of the length of the axon segment analyzed. Bottom histogram illustrates the distribu-
tion of distances between neighboring branches in parental axon segments with more than one branch as a function of the length (coded
by different colors) of the axon segment analyzed. Scale bar = 500 pm.
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Figure 3. Area 17-18a projections at P8 and adulthood. A,B: Images from coronal tissue sections illustrating the area 17-18a projections
labeled following discrete intracortical injections of the anterogradely transported tracer BDA into area 17. Medial is to the left. A: Col-
umn-like field of BDA-labeled fibers in area 18a in an animal (case L24A) injected with BDA into area 17 at P6 and studied at P8. B: Col-
umn-like field of BDA-labeled fibers in area 18a in an adult animal (case Sl4). Locations of the injection sites in area 17 and the labeled
fields in area 18a (asterisks) are shown in the lower insets. Arrows in insets indicate approximate location of 17/18a border. Scale bar =

500 pm.

panel of Figure 4E. The projection pattern in area 18a
shows that the labeled fields form a mirror image of the
injection sites with respect to the 17/18a border, as has
been described for adult rats (Montero et al., 1973; Ola-
varria and Montero, 1981, 1984; Coogan and Burkhalter,
1993). Similar results were obtained in two other P6 ani-
mals injected at P4 with the same combination of fluores-
cent dextrans. These data show that the topography of
striate-extrastriate projections can be demonstrated as
early as P6, just as growing fibers reach superficial corti-
cal layers in area 18a. These experiments provide further
evidence that development of area 17-18a topography
does not require large-scale pruning of incorrectly placed
branches in the cortical gray matter. These observations
were also confirmed in experiments in which single BDA
injections were systematically placed into different loci
within area 17. Figure 4F shows data from three animals
injected at P6 and studied at P8. In this figure, coronal
sections from these three animals show injection of BDA
into area 17 and the resulting labeled field in area 18a

(marked with an asterisk). These data again show mirror-
image topography of 17 to 18a projections: as the injec-
tion site is displaced medially in area 17, the projection
field in area 18a is displaced laterally (Montero et al.,
1973; Olavarria and Montero, 1981, 1984; Coogan and
Burkhalter, 1993).

Time-lapse analysis reveals many dynamic
interstitial processes within the white
matter

The finding that corticocortical axons from area 17
appear to invade area 18a by emitting a single or small
number of closely spaced collateral branches rather than
by an exuberant invasion of side branches raises the
question of how cortical axons can achieve such precise
targeting of their termination zones. To examine the
mechanisms controlling branching, we carried out time-
lapse imaging of corticocortical axons in the white matter
during the period when corticocortical axon branch for-
mation takes place.
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Figure 4. Topography of striate-extrastriate projection in young rats analyzed in coronal tissue sections. Medial is to the left. A-E: Topography
revealed at P6 following paired injections of two different dextran Alexa fluorescent tracers into area 17 at P4. Injections were separated by
350 um in the mediolateral direction. A,C: Low-power images illustrate tracer injection and the resulting projections in area 18a observed in
the same tissue section with AlexaFluor 594 (A) and AlexaFluor 488 (C). Magnified views of fibers in area 18a labeled with each tracer are
shown in B and D, respectively. A drawing of data from both tracers observed in this single section is shown in the upper panel in E, and a recon-
struction of the data in this section and in two additional neighboring sections is shown in the bottom panel in E. Inset shows magnified view of
parental axon (indicated by arrow in drawing) giving rise to several, closely spaced interstitial branches located in a more lateral field, probably
area LL (Montero et al., 1973; Olavarria et al., 1984). F: Topography of striate-extrastriate projection in animals injected with BDA at P6 and
studied at P8. Coronal sections from three animals show injection of BDA into area 17 and resulting labeled field in area 18a (marked with as-
terisk). Black line indicates approximate location of 17/18a border. The projections illustrated are probably to presumptive extrastriate area
LM (Olavarria and Montero, 1981). Data show mirror-image topography of 17 to 18a projections: as the injection site is displaced medially in
area 17, the projection field in area 18a is displaced laterally (Olavarria and Montero, 1981). Scale bars = 100 um in B,D; 1.00 mm in E,F.
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In vivo time-lapse imaging of deep cortical structures
and white matter in the intact animal is not currently
practical. In an attempt to observe axon branching
events as they occurred in live cortical tissue, we per-
formed two-photon time-lapse imaging of developing
axons in acute slices of visual cortex. These slices were
prepared at P4-P12 from animals that had received dis-
crete injections of fluorescent tracers (AlexaFluor 488-
or AlexaFluor 594-conjugated dextrans) into area 17 at
P3-P6 (Fig. 1). As in the anatomical studies described
above, accurate targeting of the injection within area 17
was confirmed by analyzing the position of the retro-
gradely labeled field of thalamic relay neurons in the ip-
silateral dLGN (Fig. 1D).

A striking feature observed in the majority of fluores-
cently labeled axons in young rat pups was the dense dis-
tribution of highly dynamic, fine, filopodium-like, intersti-
tial branches on the parental axons in the white matter.
These filopodial branches ranged in length from 2.0 pm
(the minimum length to be considered for analysis) to
40.9 pm, but the large majority measured less than 10
um (mean length 3.54 um). To investigate whether filopo-
dial branches might represent sites of active axonal ex-
ploration within the white matter, high-magnification
time-lapse images of the interstitial processes were col-
lected along axons at intervals ranging from 2 to 60
minutes (in most cases 10 minutes) for periods ranging
from 20 minutes up to 8 hours. Most of these processes
exhibited surprisingly high rates of motility and turnover.
Figure 5 shows two corticortical axons extending tangen-
tially within the white matter in a P5 rat pup. Numerous
interstitial processes were observed along the entire
imaged lengths of both axons. The majority of these proc-
esses were extremely dynamic, some extending to reach
over 10 um in length and others so short-lived as to be
present during only a single image acquisition. However,
a few were relatively stable and endured for all or most of
the 2.5 hours of imaging. These observations suggest the
possibility that exploratory interstitial branching in the
white matter could be a mechanism leading ultimately to
branch invasion of the overlying cortical gray matter and
elaboration of terminal arbors.

Dynamics of white matter interstitial axon
branches decline with age

To determine whether the dynamics of small branches
emerging from parental axons in deep cortical layers or
white matter are developmentally regulated, we meas-
ured the rates of interstitial branch formation and elimina-
tion in slices made from visual cortex of rat pups between
the ages of P4 and P12 (Fig. 6A-D). The rates of new pro-
cess addition and process elimination indeed showed a

steady and significant decrease during the first 2 post-
natal weeks (Fig. 6E). The most dynamic group of
branches, transient branches (i.e., newly formed
branches that were subsequently eliminated during the
imaging session), were also less prevalent in older ani-
mals (Fig. 6E). Interestingly, the rate of branch addition
was similar to the rate of branch elimination at each age.
These dynamic branch behaviors would therefore be
insufficient to drive a large cumulative expansion of the
arbor but instead appear to constitute continuous tran-
sient probing by the axon.

Although there was a decline in the rate of overall inter-
stitial branch dynamics with age, those branches that
continued to exhibit dynamic behaviors in older animals
elongated and retracted at the same speeds as in
younger animals (Fig. 6F). This observation suggests that
axonal growth and branching dynamics may be independ-
ently regulated. In addition, normally extending growth
cones could be seen on many axon terminals at all ages
studied and particularly in the gray matter in older ani-
mals, confirming that age-dependent differences in
dynamic behaviors could not be attributed to an adverse
affect of the slicing process in older animals (data not
shown). The distribution of transient branch lifetimes was
also constant across all age groups measured (Fig. 6G).
Thus, only a decline with age in the rate of occurrence of
interstitial branch addition and elimination was observed.
The fact that branch dynamics decline dramatically to-
ward the age when the patterns of corticocortical projec-
tions appear adult-like (Olavarria and Van Sluyters, 1985;
Olavarria and Safaeian, 2006) is consistent with the idea
that that dynamic interstitial branching may play a role in
the development of organized corticocortical connec-
tions. Occasionally, we were able to image parental axons
in white matter with long, perpendicular branches ori-
ented toward the pia. When the data came from older ani-
mals, it was often apparent that filopodial activity was
greater in distal portions of the branch than along the pa-
rental axon coursing in white matter (Fig. 7). This delayed
filopodial activity in gray matter suggests that higher
order branches making up terminal arbors in gray matter
may form by mechanisms similar to those operating on
parental axons in white matter.

Overall interstitial axon branch density
decreases with age

Our anatomical analysis of fixed tissue revealed that
only a few interstitial branches ultimately invade the su-
perficial cortical gray matter. On the other hand, our
time-lapse analysis demonstrated that the rates of branch
addition and elimination both decline together with age
(Fig. 6E). This analysis was not sensitive enough to reveal
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Figure 5. Axons in the subcortical white matter extend numerous, dynamic interstital filopodia. A: At P5, the boundary between gray mat-
ter and white matter (dotted line) is roughly 700 um below the pial surface. B: Segments from a pair of axons running roughly parallel to
the pial surface beneath area 18a were imaged by two-photon time-lapse microscopy in a living cortical slice made from P5 rat brain. The
location of the pair of imaged axons is schematized in the low-magnification reconstruction in A. C: Images collected at 10-minute inter-
vals reveal highly motile interstitial filopodia. D: Temporal overlay of three time points from series in C. Images from each time point (O,
70, and 140 min) are different colors, and white represents stable regions of the axon. Scale bar = 10 um.

significant differences in the relative rates of branch for- tial branches as the projection matures. We therefore
mation vs. branch elimination at each age. However, quantified the density of interstitial branches along pri-
based on our fixed tissue analysis, we would predict a mary corticocortical axons in the white matter and deep
gradual decline in the overall number of dynamic intersti- cortical layers observed at different developmental
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Figure 6. Frequency of dynamic behaviors, but not growth rates or branch lifetimes, declines with age. A-D: Colorized temporal overlays
show dynamic behaviors of interstitial filopodia at P5 (A), P6 (B), P8 (C), and P12 (D). Red, green, and blue correspond to early, middle,
and late time points. Arrows indicate dynamic filopodia. E: Rates of branch addition and elimination as well as transient branches all
decrease with age (N = 18 axons at P4-5, 30 axons at P6, 23 axons at P7-9, 5 axons at P10-12; *P < 0.05, **P < 0.01 ANOVA with
Bonferroni posttest). F: Mean change in length of each dynamic filopodium per imaging interval (usually 10 minutes) was the same at all
ages (elongating: N = 336, 268, 208, and 12; retracting: N = 324, 296, 228, and 12, respectively, for P4-5, P6, P7-9, and P10-12). G:
Distribution of lifetimes of transient interstitial filopodia was the same at all ages, with the majority of transient branches present only dur-
ing one image (N = 143, 91, and 41 at P4-5, Pé, and P7-9). There were too few transient filopodia (N = 3) in the P10-12 group to gen-

erate a meaningful plot. Scale bars = 10 um.

stages. In the youngest animals (P4-5), interstitial proc-
esses were observed at relatively high density (7.38 =
2.7 per 100 um of parental axon length; Fig. 8A,E).
Although similar interstitial extensions could be observed
at all the ages studied, their density along the parental
axon indeed decreased progressively with age after P5
(Fig. 8B-E; P < 0.05, P4-5 vs. P6-12). By P10-12, inter-
stitial branch density had decreased to just 1.34 = 0.43
per 100 um of parental axon (Fig. 8D,E).

DISCUSSION

We used a combination of fixed-tissue and two-photon
time-lapse approaches to relate large-scale views of the
development of striate-extrastriate projections to highly
dynamic, small-scale branching phenomena in white mat-
ter. With fixed-tissue preparations, we observed that pa-
rental axons gave rise to either one or a few closely
spaced, interstitial branches (>10 pum in length) invading
the termination zone in area 18a. In contrast, our two-
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Figure 7. Pial-directed interstitial branch formed in the white mat-
ter along a parental axon from area 17 in a P6 rat pup. A-C: Series
of images showing morphological rearrangements (arrowheads) at
20-minute intervals reveals a high degree of filopodial exploration
near the tip of the single large interstitial branch that has invaded
cortical gray matter. Relatively little filopodial activity is observed
along the parental axon at the same times. Scale bar = 10 um.

photon, time-lapse observations revealed that many
highly dynamic filopodia (mean length 3.54 um) emerged
along parental axons coursing in white matter or lower
layers of area 18a. This dynamic behavior decreased pro-
gressively after P4, concomitant with the development of
termination zones in area 18a. Together, these observa-
tions provide new insights into the mechanisms that likely
underlie the development of corticocortical connections
in rodents.

Filopodia-like branches were not frequently observed
in our BDA material, which was obtained from brains per-
fused with 4% paraformaldehyde (see Materials and
Methods). It is expected that most filopodia would not be
evident in the single “snapshot” provided by fixed mate-
rial because of their short lifetimes. Furthermore, these
fine processes might have not survived the fixation proto-
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Figure 8. Axonal filopodia in the white matter become less preva-
lent with age. A-D: Examples of white matter or deep layer 6
axons imaged in acute living slices at different ages. Insets show
relative locations where images were collected. The presumptive
white matter boundary is indicated by a dashed line. This border
is found, respectively, at 700 pm, 800 um, 900 um, and 1,000
um in P5, P6, P8, and P10 rat visual cortex (Kageyama and Rob-
ertson, 1993). Solid arrows highlight filopodia; open arrows indi-
cate branches entering the cortical gray matter. E: Density of
filopodia observed decreases with age. *P < 0.05 ANOVA with
Bonferroni posttest. Scale bars = 10 um.

col that we used. Indeed, we observed that most filopodia
in the imaged slices could not be located after the slices
were fast fixed by immersion in 4% paraformaldehyde at
the end of the time-lapse imaging sessions. On the other
hand, previous studies using different fixation protocols
have described “hairlike” or “thornlike” filopodia meas-
uring less than 10 um along developing geniculocortical
axons in the hamster (Naegele et al., 1988). Insofar as
our results from fixed tissue were obtained from branches
measuring more than 10 pum in length, our conclusions
would not have differed even if our BDA material had pre-
served filopodia less than 10 pm in length.

Our results show that, although area 18a is not invaded
by an exuberant population of collateral branches

The Journal of Comparative Neurology | Research in Systems Neuroscience 4975



Ruthazer et al.

emanating from area 17 parental axons, these parental
axons do, however, exhibit a kind of “dynamic exuber-
ance” in the form of numerous, transient filopodial proc-
esses, which may be able to detect and potentially
respond to topographic cues within the subcortical white
matter. This exuberance of fine processes immediately
below the target structure may be what permits precise
corticocortical projections to form without necessitating
dramatic branch pruning in the vicinity of the termination
zone. Our findings thus give rise to the following ques-
tions. What is the role of dynamic interstitial branch
behavior, and what are potential mechanisms regulating
it? How does precise topographic innervation of gray mat-
ter result from parental axons exhibiting multiple dynamic
filopodia?

Interstitial branch dynamics in cortical
white matter: possible roles and regulatory
mechanisms

In one of the first descriptions of the dynamics of inter-
stitial branching in cortical axons, Bastmeyer and O’Leary
(1996) argued that filopodium-like extensions preceded
the formation of major interstitial collaterals. More
recently, multiphoton in vivo imaging of axons in layer 1
of somatosensory cortex has also shown that fine,
dynamic process formation along axons is one of the prin-
cipal modes of axonal elaboration (Portera-Cailliau et al,
2005). Moreover, in these two previous studies, as in our
experiments, the rate of dynamic extensions along corti-
cal axons was observed to decline over development.
Dynamic, interstitial filopodia may probe the environ-
ment, potentially facilitating contact and communication
with other cells in the vicinity bearing topographic infor-
mation or providing a substrate for axonal growth, such
as radial glia (Norris and Kalil, 1991), subplate neurons
(Friauf et al., 1990; Kanold et al., 2003), or the corticofu-
gal axons of the overlying cortical plate. Alternatively it
may simply constitute an early phase of immature inter-
stitial branch formation.

Although we observed a gradual decrease in the rate of
white matter branch dynamics during the first postnatal
week, it is equally significant that we did not observe any
changes in the mean lifetimes of transient branches or in
the velocity of extension and retraction of side branches
during this same period. Taken together, these results im-
plicate mechanisms controlling branch induction, rather
than branch stabilization or axonal motility, as the major
factors responsible for regulating the time course of corti-
cocortical projection formation. Three distinct mecha-
nisms could underlie the developmental down-regulation
of the dynamic behavior of interstitial branches on corti-
cocortical axons. First, the axons could have an intrinsic

clock that gradually down-regulates the rate of branch ini-
tiation in synchrony with other key developmental events.
An example of such intrinsic regulation is the late devel-
opmental onset of sensitivity in Xenopus retinal growth
cones (RGCs) axons to the growth cone-collapsing cue
Sema3a, which matures on schedule even when RGCs
are cultured in isolation (Campbell et al., 2001). A second
possible mechanism would be regulation of branching in
response to a target-derived cue that is either up- or
down-regulated with age (Sato et al., 1994). Several such
branch-regulating cues have been described. For exam-
ple, in vitro, netrin-1 and fibroblast growth factor-2 have
been shown to promote interstitial branch formation in
cortical axons, whereas Sema3a inhibits branching (Dent
et al., 2004). A third possibility consistent with our data is
that any of the multiple interstitial filopodial processes
might potentially become the main collateral that will ulti-
mately innervate the termination zone. In response to
local topographic cues (see below), one of these proc-
esses would grow more than the others, and, upon signifi-
cant extension into the gray matter, this leading branch
might generate a signal that would suppress filopodial
branching in the rest of the parental axon. A mechanism
such as this would permit only one or occasionally a few
branches to enter the overlying gray matter. This suppres-
sive signal could be cell-autonomously generated, much
as occurs during the establishment of neuronal polarity in
vitro, when only one neurite is allowed by the cell to
become an axon (Bradke and Dotti, 2000), or could be
generated in response to a ligand located in the cortical
plate, leading to the propagation of the signal throughout
the rest of the cell.

Precise topographic innervation of gray
matter emerges from parental axons
exhibiting multiple dynamic filopidia

There is a widely held view that the initial targeting of
axons and the elaboration of terminal arbors in the cen-
tral nervous system are imprecise and that topographic
precision is achieved through the activity-dependent, cor-
rective removal of axon branches located in inappropriate
places combined with axon branch elaboration at appro-
priate places (Katz and Shatz, 1996). For example, in the
rodent retinocollicular projection, an initially diffuse, non-
topographic elaboration of axon branches has been
described, which is thought to be refined during the first
postnatal week in response to a combination of molecular
cues and patterned retinal activity (Simon and O’Leary,
1992; McLaughlin et al., 2003). However, we did not find
evidence to support a comparable exuberant innervation
of the cortex in our fixed-tissue analysis. Instead, we
found that the initial invasion of fibers originating from a
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single, small injection of BDA in area 17 was focused and
that a distinct termination zone could be identified in area
18a as early as P6. Moreover, our results show that pa-
rental axons commonly gave rise to a single interstitial
branch in area 18a, and, when more than one branch ori-
ginated from one axon, these tended to be close to each
other. A similar result was obtained by Olavarria and
Safaeian (2006) in their study of the development of vis-
ual callosal maps in rat visual cortex. From the observa-
tion of a low proportion of neurons double labeled in
striate cortex by contralateral injections of two tracers
placed close to each other, these authors concluded that
callosal axons in white matter give raise to only one or a
few interstitial branches that invade the correct cortical
target. Observations consistent with these results have
been described from studies with anterograde tracers to
analyze the development of callosal connections in the
hamster (Fish et al., 1991; Hedin-Pereira et al., 1999).

To obtain additional, direct evidence on the develop-
ment of topography, we analyzed the distribution of la-
beled fibers in area 18a resulting from separate injections
of two anterogradely transported fluorescent tracers in
area 17. These data show that the topography of striate-
extrastriate projections described in adults (Montero
et al., 1973; Olavarria and Montero, 1981, 1984; Coogan
and Burkhalter, 1993) can be demonstrated as early as
P6, just as growing fibers reach superficial cortical layers
in area 18a, confirming that the cortical ingrowth of inter-
stitial fibers is topographically ordered. Our results are in
agreement with a recent fixed-tissue study showing that
the normal callosal map is evident by P6-7, when growing
callosal fibers just reach superficial layers of area 17 (Ola-
varria and Safaeian, 2006). Similarly, Caric and Price
(1996) observed in neonatal cats that injections of two
different tracers into area 17 yielded topographically seg-
regated projections to superficial layers of ipsilateral area
18. These results therefore do not support the idea that
retinal input guides corticocortical map formation by pri-
marily promoting the large-scale elimination of extensive,
topographically disorganized branches and arbors. In the
context of our time-lapse observations, these fixed-tissue
data suggest that, from a population of highly dynamic in-
terstitial branches, topographic cues somehow mediate
the selection and growth of only one or a few, presumably
those located at the correct topographic sites.

The extent to which our conclusions in the rat apply to
the development of organized corticocortical projections
in other species, such as cats and monkeys, is uncertain.
In cats, transient axonal branch exuberance in white mat-
ter and layer 6 in both visual callosal (Aggoun-Zouaoui
and Innocenti, 1994) and area 17 to 18 (Caric and Price,
1996) projections has been described with tract tracing
anatomical methods. At first sight, it may seem that exu-

Cortical axon branching in white matter

berance in white matter and layers 6 observed in cats
during the first postnatal weeks may correspond to the
transient filopodial activity that we observed in white mat-
ter and lower cortical layers in the rat. However, it is im-
portant to emphasize that we have described activity of
small filopodium-like branches (mean length 3.54 pm),
which were detected using high-resolution time-lapse
methods, whereras, in the cat, exuberant branches meas-
uring up to several millimeters in length (Aggoun-Zouaoui
and Innocenti, 1994) were described with traditional ana-
tomical methods in fixed tissue. Resolving this issue may
require performing high-resolution time-lapse studies of
the development of corticocortical projections in cats
and other species in order to characterize dynamic phe-
nomena in white matter and lower cortical layers and to
determine the role that branch addition and elimination
may play in the development of organized corticocortical
connections.

Regulation of branch dynamics and
specification of corticocortical maps

Previous studies have shown that enucleation at P4 or
earlier leads to the development of abnormal interhemi-
spheric projection maps, whereas enucleation at P6 or
later leads to the development of normal maps (Olavarria
and Hiroi, 2003; Olavarria and Safaeian, 2006). Our time-
lapse observations show that the rates of branch addition
and elimination, as well as the density of small branches,
are high at P4 and subsequently decline with a similar
time course, reaching their lowest values as the cortico-
cortical projection matures in subsequent days. There-
fore, dynamic branches, at least in the ipsilateral cortico-
cortical projection, not only are present but also are most
active prior to the time when the topographic callosal pro-
jection map becomes specified. Thus, the distribution of
dynamic branches in very young animals may be viewed
as a palette from which normal or abnormal patterns of
innervation may be induced depending on whether nor-
mal or abnormal topographic cues are active during this
critical period. As development proceeds, extrinsic topo-
graphic cues may bias the cytoskeletal processes under-
lying dynamic behavior at specific places such that one or
a few closely spaced processes would be induced to
grow more than neighboring processes. In corticocortical
projections in normal animals, the topographic modula-
tion of branching could be specified both by local map-
ping cues, such as the graded expression patterns of eph-
rinA (Cang et al., 2005), and by cues from the eyes, in the
form of either patterned neural activity (Ruthazer et al.,
2003; Cang et al., 2008) or thalamic afferent-derived mo-
lecular signals (Sugiyama et al., 2008).
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In conclusion, our time-lapse and fixed-tissue data sug-
gest that, from the array of small dynamic branches typi-
cally found on any one parental axon, only one or a few of
these located at the topographically appropriate locations
will go on to grow toward the pia and ramify throughout
the overlying cortex. A crucial future step toward under-
standing the development of cortical projection maps will
be the identification of topographic cues and growth-reg-
ulating signals, whether chemical or activity-dependent in
nature, that underlie the selection and growth of
branches beneath their topographically correct cortical
targets.
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