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Dynamics of Target Recognition by Interstitial Axon Branching

along Developing Cortical Axons

Martin Bastmeyer and Dennis D. M. O’Leary

Molecular Neurobiology Laboratory, The Salk Institute, La Jolla, California 92037

Corticospinal axons innervate their midbrain, hindbrain,
and spinal targets by extending collateral branches intersti-
tially along their length. To establish that the axon shaft rather
than the axonal growth cone is responsible for target recogni-
tion in this system, and to characterize the dynamics of inter-
stitial branch formation, we have studied this process in an in
vivo-like setting using slice cultures from neonatal mice con-
taining the entire pathway of corticospinal axons. Corticospi-
nal axons labeled with the dye 1,1'-dioctodecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (or Dil) were imaged
using time-lapse video microscopy of their pathway overlying
the basilar pons, their major hindbrain target. The axon shaft
millimeters behind the growth cone exhibits several dynamic
behaviors, including the de novo formation of varicosities and
filopodia-like extensions, and a behavior that we term “pulsa-
tion,” which is characterized by a variable thickening and thin-

ning of short segments of the axon. An individual axon can have
multiple sites of branching activity, with many of the branches
being transient. These dynamic behaviors occur along the por-
tion of the axon shaft overlying the basilar pons, but not just
caudal to it. Once the collaterals extend into the pontine neu-
ropil, they branch further in the neuropil, while the parent axon
becomes quiescent. Thus, the branching activity is spatially
restricted to specific portions of the axon, as well as temporally
restricted to a relatively brief time window. These findings
provide definitive evidence that collateral branches form de
novo along corticospinal axons and establish that the process
of target recognition in this system is a property of the axon
shaft rather than the leading growth cone.
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The formation of a proper functioning nervous system depends on
the development of precise connectivity between appropriate sets
of neurons. A fundamental issue, therefore, in neurobiology is
defining the mechanisms by which neurons recognize and inner-
vate their targets. For some time, the growth cone has been
considered to be responsible for these crucial functions. Recent
advances in axon-tracing methods with fluorescent markers and
the development of low-light-level video microscopy have permit-
ted observations of living axons in vivo or in situ over time.
Time-lapse video microscopy has been used to study the develop-
ment of axonal projections in both invertebrates (O’Connor et al.,
1990; Sabry et al., 1991; Myers and Bastiani, 1993) and vertebrates
(Harris et al., 1987; O’Rourke and Fraser, 1990; Kaethner and
Stuermer, 1992; Sretavan and Reichardt, 1993; Godement et al.,
1994; Halloran and Kalil, 1994; O’Rourke et al., 1994). These
studies have provided important and interesting insights into the
behavior of the axonal growth cone as it navigates toward a target
or forms a terminal arbor within a target.

Many populations of neurons in the vertebrate brain innervate
multiple, widely separate targets by axon collaterals and, there-
fore, face a unique problem during development. A prominent
example of such a neuronal population is that of layer 5 neurons
in the mammalian neocortex. Layer 5 neurons form the major
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output projection of the cortex and establish connections with
several targets in the midbrain, hindbrain, and spinal cord. During
development, layer 5 axons extend out of the cortex along a
spinally directed pathway, and their growth cones seemingly ig-
nore their targets as they grow past them and continue to elongate
through the corticospinal tract. The brainstem and spinal targets
are later contacted exclusively by axon collaterals extended by
corticospinal axons. Evidence obtained from the examination of
fixed tissue sections suggests that these collaterals develop by a
delayed interstitial branching from the axon shaft (O’Leary and
Terashima, 1988; O’Leary et al., 1990; Kuang and Kalil, 1994).

These observations suggest that in this projection system the
process of target recognition does not involve the growth cone
but, instead, is a property of the axon shaft. Until recently,
however, the axon shaft has been considered to be a nonrespon-
sive, quiescent structure with a stable cytoskeleton. For this rea-
son, and because of difficulties in establishing an appropriate
experimental system, little attention has been given to character-
izing the role of the axon shaft in target recognition and innerva-
tion. The projection from cortical layer 5 neurons to the basilar
pons is a model well suited for studying this mechanism of target
recognition. The basilar pons is innervated by collateral branches
that form postnatally along the shaft of corticospinal axons
(O’Leary and Terashima, 1988). Here we have used time-lapse
video microscopy of fluorescently labeled corticospinal axons to
monitor the dynamics of interstitial axon branching and to estab-
lish whether these branches form de novo or from remnants of the
growth cone.

To study interstitial axon branching in an in vivo-like situation,
we developed a slice culture preparation from early postnatal
mice in which corticospinal axons could be visualized in the part
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of their tract overlying the basilar pons, as well as in the part just
caudal to the pons. We find that the axon shaft within the tract
overlying the basilar pons is highly dynamic with multiple sites of
activity and that collateral branches form de novo. These axonal
behaviors are both spatially and temporally restricted. Our obser-
vations demonstrate that the axon shaft millimeters behind the
growth cone is actively involved in the process of target
recognition.

MATERIALS AND METHODS

Animals. Mouse pups were obtained from timed-pregnant ICR mice
purchased from a local supplier (Harlan Sprague-Dawley, Indianapolis,
IN). Pups were born on the 18th or 19th day of gestation; only those born
on the 18th day were used in this study. The first 24 hr after birth was
designated postnatal day 0 (P0). Pups were anesthetized by hypothermia
before all procedures.

Dye application. A 25% solution of the lipophilic carbocyanine dye
1,1’-dioctodecyl-3,3,3",3'-tetramethylindocarbocyanine perchlorate (Dil;
Molecular Probes, Eugene, OR) (Honig and Hume, 1989) in dimethyl-
formamide (Sigma, St. Louis, MO) was used for axonal labeling. Two to
four hours after birth, the pups were anesthetized and a small hole was
made in the scalp and skull overlying motor or visual cortex. A small
amount of the Dil solution was pressure-injected into one cortical hemi-
sphere through a glass micropipette using a picospritzer II (General
Valve, Fairfield, NJ). After the pups recovered from anesthesia, they
were returned to their mothers.

Histology. To establish the time course of the development of the
corticopontine projection in mice, a series of pups was reanesthetized and
perfused between late PO and P3 with 4% p-formaldehyde in phosphate
buffer, pH 7.4. Serial sagittal sections of the brain and cervical spinal cord
were cut at 100 wm on a Vibratome. Sections were mounted on glass
slides in phosphate buffer and examined and photographed on an upright
fluorescence microscope (Nikon Microphot, Tokyo, Japan).

Slice preparation. To prepare tissue slices for video microscopy, pups
were reanesthetized 14-20 hr (late PO) or 38—44 hr (late P1) after Dil
injection, and their brains with the cervical spinal cord attached were
rapidly dissected in 4°C Leibowitz medium supplemented with 0.6%
sucrose (L-15). This tissue was placed dorsal surface down on a nitrocel-
lulose filter (Sartorius, Edgewood, NY), with the hindbrain slightly bent
laterally toward the side of the Dil injection (see Fig. 24). The tissue was
embedded in 3% agar (low gelling temperature agarose; FMC Bioprod-
ucts, Rockland, ME). Parasagittal slices (~1.5 mm in thickness) were cut
using a Mcllwain tissue chopper (Brinkman, Westbury, NY) such that the
corticospinal tract overlying the basilar pons was exposed. The slice was
placed onto the membrane of a Millicell insert (Millipore, Bedford, MA)
in a tissue culture dish and covered with medium (L-15 supplemented
with 30 mm NaHCO;, 0.6% sucrose, 10% fetal calf serum, and 5% rat
serum). The medium level was adjusted to keep the surface of the slice
barely submerged. The slice was then covered with a transparent mem-
brane (BioFoil 25, Heraeus, S. Plainfield, NJ) that was floated on the thin
film of medium covering the slice (see Fig. 2C). This technique was found
to enhance slice survival and yielded viable axons for up to 10 hr.

Time-lapse video microscopy. Slices were imaged immediately after
preparation. During imaging the slices were kept in an incubation box
mounted on an upright microscope (Nikon Microphot FX). The environ-
ment in the box was maintained at 37°C in 95% 0O,/5% CO,. In addition,
a 95% 0,/5% CO, mixture was applied directly to the culture dish. The
microscope was equipped with a 100 W mercury epifluorescence light
source, a rhodamine filter set, and 10X, 20X, and 40X long working
distance objectives. To avoid photodamage to fluorescently labeled axons,
video imaging was performed under low-light-tevel conditions. Neutral-
density filters were placed in the light path to reduce the intensity of the
fluorescent light. To reduce the duration of light exposure to the axons,
an electronic shutter (Uniblitz, Rochester, NY) was placed into the light
path. The shutter was controlled by Image-1 software (Universal Imaging,
West Chester, PA) to open for ~200 msec. Images were taken with a
silicon-intensified target (SIT) camera (Hamamatsu, Bridgewater, NJ),
averaged over 4 frames, collected on a hard disk, and later transferred to
a rewritable digital optical disk recorder. Images shown in Figures 3-7
were transferred to a Macintosh computer and processed with Adobe
Photoshop software. After adjusting the contrast and brightness to make
all of the panels uniform, the images shown in Figures 3 and 5-7 were
“embossed.” To emboss an image, the software duplicates the image,
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shifts the duplicates by 2 pixels, and subtracts them from each other. The
shifting angle was chosen for each figure to prevent any loss of axonal or
branch detail. This procedure provides an even background and a
Nomarski-like appearance of axonal structures.

To select slices for video imaging, the corticospinal tract rostral and
caudal to the basilar pons was inspected with the 20X objective. Only
slices with the entire corticospinal pathway intact from the cortex to the
cervical spinal cord were used. The slice cultures were made in such a way
that the axon tract over the basilar pons and immediately caudal to it
could be clearly visualized (see Fig. 2). This is the only portion of the
pathway at which axons might be cut during slice preparation. Cut axons
could be readily identified. Slices that contained cut axons, or beaded
axons, indicating degeneration, were discarded. We also selected slices
with a low number (5-50) of labeled axons for video observation, which
provided better resolution of individual labeled axons. Most of the axons
described in this study were ~20-100 pwm below the surface, because the
resolution decreased in deeper focal planes; axons on the surface of the
slice were not monitored.

To avoid photodamage, images were usually taken every 10 min. The
focus was continually monitored to ensure that changes in morphology
were not caused by changes in focal plane. For another set of experi-
ments, images were taken every 2 min at slightly higher light levels to
increase both image quality and time resolution. These axons were
imaged for no more than 1-2 hr. The images presented in Figures 3-5 and
7 were taken with the 40X objective (Nikon Mplan 40 ELWD, 0.5
numerical aperture), and those in Figure 6 were taken with the 20X
objective (Nikon M Plan 20 SLWD, 0.35 numerical aperture). At the end
of each imaging session, a low-power (10X objective) bright-field and
fluorescence image was taken to record the relative position of the
time-lapsed axon to the basilar pons.

RESULTS

In initial experiments, we established the time course of develop-
ment of the corticopontine projection in mice, because previous
studies were done in rats. The present studies were done in mice
because their brains are much smaller and, thus, it was easier to
obtain viable slices containing the entire corticospinal pathway.
Corticospinal axons labeled by Dil injections into motor cortex
(Fig. 14) reach the pyramidal decussation at late PO/early P1. The
main front of these axons is found in the decussation (Fig. 1B).
However, the outgrowth is staggered because some growth cones
are observed between the pons and the decussation, and others
have extended just beyond the pyramidal decussation and into the
dorsal funiculus of the cervical spinal cord. At this stage, only a
few axons have formed short collateral branches on segments
overlying the caudal part of the basilar pons. One day later (P2),
the mature pattern, characterized by long collaterals into both the
rostral and caudal parts of the basilar pons, is well established (not
shown). Axons from the visual cortex reach the basilar pons at late
PO. These axons also grow caudally past the pons and begin to
extend collateral branches into the rostral part of the basilar pons
late on P1. Therefore, as in the rat, the corticopontine projection
in mice develops by collateral extension from the axon several
millimeters behind the growth cone.

Most of our video imaging was done on slices prepared from
late PO mice, a time when corticospinal axons from motor cortex
begin to form collateral branches in vivo. The layout of the
corticospinal pathway and the design of the slice preparation are
illustrated in Figure 2. These slices had to fulfill the following
criteria: (1) they must contain the entire pathway of layer 5 axons
from the cortex to the contralateral spinal cord without injuring
corticospinal axons; (2) the corticospinal axon pathway overlying
the basilar pons should be near the surface of the slice to allow
axonal imaging; and (3) the slice and the labeled axons must be
viable for many hours. We have concentrated our time-lapse video
microscopy on the portion of the axon shaft within the pathway
overlying the basilar pons and just caudal to it, a region that in a
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Figure 1.

A, B, Axons in a late PO mouse labeled with Dil injected into motor cortex 14 hr earlier. A4, Dil injection site (asterisk) involving layer 5 (L5)

illustrated in a bright-field image of a sagittal section. B, Fluorescence image of a sagittal section of the brainstem. The labeled corticospinal axons pass
over the basilar pons (BP) as they extend through the cerebral peduncle (¢p) and the pyramidal tract (pr) toward the spinal cord. The main front of labeled
axons is in the pyramidal decussation (pd). However, axonal growth is staggered and some growth cones have already entered the dorsal funiculus (df)
of the spinal cord. At this stage, only a few axons have formed short collateral branches at locations in the tract overlying the caudal part of the basilar
pons. C, Schematic drawing illustrating the location of the axonal segments imaged in Figures 3-7. These axon segments were video-imaged in separate

cases in which a much smaller number of axons was labeled.

neonatal mouse is 7-8 mm distal to the layer 5 cell body and 3-4
mm behind the growth cone. Most of the corticospinal tract from
cortex to the spinal cord was deep in the slice, but the part of the
tract overlying the basilar pons, as well as the part just caudal to
the pons, was near the medial surface of the slice. We examined
~430 slices, of which 86 were video-imaged (see Materials and
Methods for selection criteria) with images taken at intervals
ranging from 1 to 10 min depending on the case. For video
imaging, the Dil injections were much smaller than those used in
Figure 1 and labeled between 5 and 50 corticospinal axons. Video
imaging of the slices clearly resolved individual corticospinal
axons and branches along their length overlying the basilar pons
(Fig. 3). The labeled axons were not fasciculated with each other
but were distributed over the dorsal-ventral extent of the tract
and, therefore, intermingled with corticospinal axons not labeled
by the injection. All of the labeled axons were in place at the time
the imaging was initiated; no growth cones were observed in the
tract overlying the basilar pons during the imaging sessions. All
labeled axons could be followed through the tract well beyond the
basilar pons; none turned and ended in the basilar pons. To
control for artifactual appearance or disappearance of branches,
the focus was controlled manually and several focal planes were
examined at each time point.

Time-lapse video imaging of the slices revealed that branches
can exhibit cycles of retraction and elongation (Fig. 34-E) and
can form de novo along the axon (Fig. 3F). Further, we find that
the axon segment overlying the basilar pons is highly dynamic,
showing several distinct forms of activity along its length. As
illustrated in Figure 3, varicosities can appear de novo and disap-
pear, and some move along the axon in both anterograde and
retrograde directions. The varicosities appeared to be true swell-
ings of the axon rather than bright inclusions within the axon. We
also observed another form of axonal activity characterized by a
variable thickening and thinning of short segments of the axon

shaft (Fig. 4). This form of axonal activity is clearly visible when
consecutive images are played in rapid succession and gives a
visual impression that the axon shaft is “pulsating.” Axonal pul-
sation typically lasted for several minutes and could come and go
repeatedly at the same location along an axon over hours (Fig. 4).
Finally, filopodia-like extensions 2-5 um in length were observed
to form de novo. These extensions showed repeated cycles of
elongation and retraction, and they even changed their direction
(Fig. 4). Although these structures were dynamic, they often
persisted to the end of the imaging session.

Some of the filopodia-like extensions eventually grew longer
and formed a branch. Further, the de novo extension of filopodia-
like structures and branches were often associated with a varicos-
ity. Varicosities associated with such axonal extensions tended to
remain in place and did not move along the axon. An example of
an axon segment overlying the caudal third of the basilar pons is
illustrated in Figure 5. A small varicosity formed de novo on this
axon (Fig. 5C) and ~30 min later a filopodia-like structure
emerged from the varicosity (Fig. 5D). This filopodia-like exten-
sion showed repeated cycles of retraction and elongation over the
next hour (Fig. 5E,H) until it finally elongated and formed a
branch 20 pm length (Fig. 5/,K). This particular branch did not
form at a right angle to the axon shaft, as was more typically
observed. However, because it formed at the caudal border of the
basilar pons (Fig. 1C), it was directed toward the pons. During the
imaging session, a second branch formed rostrally along a seg-
ment of the axon directly over the pons. This branch was directed
in a right angle toward the underlying basilar pons (Fig. 54.L).

A single corticospinal axon often had several simultaneously
active sites characterized by the extension of filopodia-like struc-
tures or the formation of short branches, as illustrated in Figure 6
with an axon labeled by Dil injected in visual cortex. This axon
segment spanned one-half of the rostral-caudal extent of the tract
overlying the basilar pons (Fig. 1C) and stayed in focus for an
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Figure 2. Schematic drawings of the corticospinal tract in newborn mice
and the slice preparation used in this study. Dorsal (4) and parasagittal
(B) views of the corticospinal tract in newborn mice. Dil-labeled Layer 5
(L5) axons leave the cortex via the internal capsule (ic) and extend
through the cerebral peduncle (¢p) and the pyramidal tract (pf) into the
spinal cord (SpC). At late PO, the growth cones of these axons have
reached the pyramidal decussation (pd) or the rostral part of the dorsal
funiculus (df). At that age, the first axons from motor cortex start to form
collateral branches in the tract overlaying the basilar pons (BP). The
dotted lines in A indicate the section planes to cut a 1.5 mm sagittal slice
containing the entire corticospinal projection and exposing the pyramidal
tract in a region overlaying the basilar pons. This slice preparation is
cultured medial face up (the face with the exposed axon tract) in a Millicell
Insert (C) as described in Materials and Methods.

extended period of time. When the imaging session began, this
axon had already formed a branch overlying the rostral part of the
pons (Fig. 64). In addition, it had at least three more active sites
where filopodia-like extensions formed de novo over the next 2 hr
(Figs. 68,D,E). Two of the filopodia-like structures were extended
in the direction of the basilar pons, whereas one pointed dorsally.
The filopodia-like extensions were often transient. In this exam-
ple, the extension marked in Figure 6B disappears in Figure 6D
and reappears in Figure 6F, whereas the one marked in Figure 6D
disappears in Figure 6£.

A quantification of this dynamic behavior of the axon shaft is
presented in Table 1. Corticospinal axons were labeled by Dil
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Figure 3. Collateral branches can form de nove along corticospinal axons.
Two corticospinal axons labeled with Dil injected into motor cortex and
imaged at late P(. One branch (arrow in A) had already formed at the
beginning of the video session. This branch elongated during the first hour
(A-C), partially retracted (D-E), and elongated again (F). In addition, a
new branch formed de nove on the same axon (arrowhead in F). Varicos-
ities also form de nove (1, 2, 3). The varicosities move along the axons in
both anterograde (2 in D, E) and retrograde (4 in D, E) directions. Sagittal
section; dorsal is to the fop, rostral to the left. Time is given in hr and min.
These images were embossed (see Materials and Methods).

injected in the motor cortex early on P0, and slices were prepared
late on P0. Axonal segments overlying the caudal third of the
basilar pons were time-lapse video-imaged at 5-10 min intervals.
We counted branches (defined as 5 um or longer) observed to
form de novo along all axons for which at least a 200 um segment
was in focus for more than 2 hr. Fifleen axons met these criteria
and were analyzed from images collected over a total of 64 hr
(mean 257 min/axon). Thirteen of the fifteen axons (86%) were
observed to form at least one branch during the imaging sessions,
suggesting that essentially all corticospinal axons originating from
motor cortex are competent to form a branch. The mean fre-
quency of branch formation was 0.15 = 0.03 branches - 100
um~'-hr'. Branch extension was directed, with 77% of these
branches extending ventrally from the parent axon toward the
basilar pons. About 55% of the branches observed to form de novo
persisted for at least 1 hr and were still evident at the end of the
imaging session. If all of these branches were permanent (which is
not expected), these figures indicate that ~1.6 stable branches
would form along a 100 pm length of axon over a 24 hr period.
Even given the impreciseness of some of these variables, this
predicted number of branches corresponds well with our findings
from fixed brain sections—that most corticospinal axons extend
branches into the pontine neuropil, and some axons even have two
or three pontine branches (O’Leary and Stanfield, 1985; O’Leary
and Terashima, 1988) (M. Bastmeyer, M. Daston, and D.
O’Leary, unpublished observations).

In other slices prepared in the same manner at the same age, we
imaged over time seven corticospinal axons just caudal to the
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Figure 4. The axon segment overlying the basilar pons is highly dynamic. Corticospinal axon labeled with Dil injected into motor cortex and imaged at
late P0. A filopodia-like extension forms (arrow in A, B) and shows repeated cycles of elongation and retraction as well as slight changes in direction
(C-M). The axon shaft pulsates, characterized by thickening or thinning over lengthy stretches (arrowheads in A-D). Sagittal section; dorsal is to the fop,
rostral to the left. Time is given in hr and min. These images show the actual fluorescence appearance without embossing.

basilar pons (200 um segment/axon), a region of the corticospinal
tract where branches are not observed in vivo. In contrast to the
activity observed along the segments of these axons overlying the
basilar pons, we observed no branch formation, filopodia-like
activity, or pulsation along the axon segments in the tract just
caudal to the pons over a total imaging time of 10.5 hr (mean 90
min/axon). The difference in branching activity overlying the pons
(0.46 = 0.09 branches - 200 um ™" - 90 min ") versus just caudal to
the pons (0.0 = 0.0 branches - 200 um ™' - 90 min ") is statistically
significant (Student’s unpaired ¢ test, p = 0.0024). Therefore,
activity is differentially regulated along the axon shaft.

Because of limits on the time that the brain slices are viable, we
were not able to time-lapse video image the entire sequence of
collateral formation uninterrupted from the initiation of a branch
in the axon tract through its extension into the pontine neuropil.
Thus, in a separate set of experiments, we again labeled cortico-
spinal axons by Dil injected in motor cortex early on PO but did
not prepare slices until late P1. By this age, long branches have
already formed and extended into the basilar pons (Fig. 7).
Because all of the labeled growth cones have past the pons by the
ages at which we did the video imaging, these long collaterals must
have formed by the de noveo extension of branches along the shaft
of corticospinal axons as observed at the earlier imaging time
point, rather than from growth cone bifurcation or from a rem-
nant of the growth left behind on the axon shaft. Time-lapse video
imaging of 14 axons (200 pm segment/axon) for a total of ~60 hr
(mean 264 min/axon) did not reveal any branch formation or
filopodia-like activity along these axons. Over this same period,
however, the branches themselves showed considerable activity
within the basilar pons. This activity was characterized by the
lengthening and shortening of secondary branches as well as the
elaboration of complex arbors within the pons (Fig. 74-C). This
activity was restricted to the pontine neuropil; the branches
showed no activity along their segments that traversed the axon

tract from the parent axon to the basilar pons. Therefore, in
addition to a spatial restriction, activity along the axon shaft is
temporally restricted.

Our findings indicate that branches form de novo along the
length of corticospinal axons, and that these branches extend
across the axon tract and into the basilar pons. Nevertheless, we
have never observed a branch tipped with a growth cone-like
ending. Instead, the branches, as well as the shorter filopodia-like
extensions from the parent axons, have either a blunt or a tapered
ending (Figs. 3-6). Secondary branches that form within the
pontine neuropil also lacked growth cone-like endings (Fig. 7).

DISCUSSION

To investigate the dynamics of target recognition by developing
corticospinal axons, we have used time-lapse video microscopy to
study in living brain slices the formation of collateral branches to
the basilar pons, a major hindbrain target of these axons. We show
that the axon shaft within the pathway overlying the basilar pons
is highly dynamic and exhibits several types of activity, including
the de novo formation of varicosities, filopodial-like extensions
and branches, as well as axonal pulsation. These types of axonal
activities are both spatially and temporally restricted. These ob-
servations indicate that the axon shaft itself, several millimeters
behind the growth cone, is actively involved in the process of
target recognition.

Because our study was done in living brain slices rather than in
living animals it is necessary to be certain that the types of activity
that we observe along the axon shaft are normal axonal behavior
and not induced by the experimental procedures. Main sources of
potential damage are injury of the axons during the slice prepa-
ration or light-induced photodamage to fluorescently labeled ax-
ons. However, we find that axons that were cut during the slice
preparation or that were intentionally overexposed to fluorescent
light show a different behavior: within minutes they have a beaded
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Figure 5. Collateral branch formation is often associated with an axonal
varicosity. Corticospinal axon labeled with Dil injected into motor cortex
and imaged at late P0O. A collateral branch formed de novo at the site
marked with an arrow in A (compare with L). The site marked with an
arrow overlying the caudal third of the basilar pons (B-K) shows the
sequence in branch formation. A small varicosity formed de nove at this
site (arrow in B, C), and 30 min later a filopodia-like structure emerges at
the varicosity (arrow in D). This filopodia-like extension showed repeated
cycles of retraction and elongation over the next hour (E-K). This branch
did not form at a right angle to the axon shaft, as is more typically
observed. However, because it formed at the caudal border of the basilar
pons (Fig. 1C), it is directed toward the pons. Another branch that formed
during the imaging session (arrowhead) extended from a more rostral
segment of the axon directly over the pons and is directed in a right angle
toward the underlying basilar pons (arrowhead in L). Sagittal section;
dorsal is to the fop, rostral to the /gft. Time is given in hr and min. These
images were embossed (see Materials and Methods).

appearance and finally break up into several bright fluorescent
spots. In addition, because the specific “target-recognition” phe-
nomena that we observe occurred in the tract overlying the basilar
pons and not caudal to it, and only in slices prepared at the proper
ages, we can rule out that they are simply induced by poor culture
conditions or gradual photodamage.

Several pieces of evidence argue that our observations are truly
normal behaviors of the axon shaft and are not attributable to a
late-arriving growth cone tracking along a preexisting axon. First,
corticospinal axons labeled from one site in the cortex are widely
distributed over the depth of the tract; because we have restricted
our time-lapse observations to cases in which few axons are
labeled, it is unlikely that each of the axons that we have studied
has later-growing labeled axons tracking along them in a tightly
fasciculated manner such that they are undetectable. Second, the
activity that we observe occurs repeatedly at specific points along
the axon shaft; in contrast, activity attributable to a tracking
growth cone would gradually progress caudally down the axon as
that growth cone continues its spinally directed growth. Third, the
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activity is prominent along the axon segment in the tract overlying
the basilar pons but not along the axon segment in the tract just
caudal to the pons.

Motility in the axonal growth cone is mainly based on dynamic
changes in the microtubular and actin cytoskeleton. However, the
activity of these proteins is usually shut down in the axon shaft,
which has been typically viewed as a quiescent structure (for
review, see Mitchison and Kirschner, 1988). Elongating branches
imaged in our slice cultures, as well as branches labeled in fixed
tissue sections (O’Leary and Terashima, 1988), are not tipped
with morphologically obvious growth cones but, instead, resemble
large filopodia of advancing growth cones. Nonetheless, branch
formation and extension necessarily require the activation of
motile machinery initially at a localized region along the axon
shaft and later in the tip of the extending branch.

Clearly, the de novo formation of collateral branches along an
axon shaft several millimeters behind its growth cone requires
substantial changes in the cytoskeleton. Observations of sponta-
neous axon branching of hippocampal neurons in dissociated cell
culture suggest that branch formation is associated with a local
fragmentation of microtubules (Yu et al., 1994). Interestingly, a
fragmentation or depolymerization of microtubules is directly
related to changes in the actin cytoskeleton and, therefore, to an
increase in the surface activity of an axon (Bray et al., 1978; Joshi
et al., 1986). When sensory axons grown in culture were treated
with colchicine to depolymerize microtubules, they formed
lamellipodia-like structures along their length (Bray et al., 1978),
a phenomenon that may be a correlate of the pulsation that we
observed on corticospinal axons. Although the signal transduction
pathway that leads to cytoskeletal changes in these developing
axons is unknown, it is likely that the cues that induce collateral
branching act via such a signaling cascade to promote a localized
fragmentation or depolymerization of microtubules.

The point of origin of an axon collateral is typically associated
with a varicosity (O’Leary and Terashima, 1988; Nakamura and
O’Leary, 1989; Ghosh and Shatz, 1990; Bhide and Frost, 1991;
Kadhim et al., 1993; Halloran and Kalil, 1994). We find that de
novo branch formation is often associated with axonal varicosities.
In these instances, the varicosity itself forms de novo and becomes
a site of subsequent extension of filopodial-like structures. A
proportion of the filopodial-like structures is transient, but many
of them elongate into longer branches and are maintained at least
until the end of the recording session. An ultrastructural study of
the developing corticospinal tract at ages before branches are
evident has described varicosities along corticospinal axons (de
Kort et al., 1985). Most of these varicosities are characterized by
a light cytoplasm; however, some contain a dark cytoplasm and
closely resemble the cytoplasm of growth cones. Thus, the vari-
cosities related to branching could be regions of local tubulin and
actin depolymerization and may provide a pool for the proteins
that are necessary for the formation of a collateral branch.

Our observations suggest a sequence in the formation of a
collateral branch: first is the induction of an active site on the axon
shaft, often overtly typified by a varicosity; second is the direc-
tional extension of a filopodia-like process; and third is the further
elongation of this process and its stabilization as a branch.
Whereas the actin cytoskeleton is likely a prominent actor in the
first two steps, branch stabilization might occur by microtubules
entering the branch. This scenario is suggested by the findings that
growth cone advance is mediated by actin filaments, whereas
growth cone turning is accompanied by the extension of microtu-
bules into the filopodia that lead the turn (Sabry et al., 1991).
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Figure 6. An individual corticospinal axon can have several active sides. Corticospinal axon labeled with Dil injected into visual cortex and imaged at
late P0. This axon had already formed a branch at the beginning of the video session (arrowhead in A). Three more branches formed de novo over the
next 2 hr (arrowheads in B, D, E). Two of these branches were directed ventrally toward the basilar pons (B, D), whereas one (E) extended dorsally. Sagittal
section; dorsal is to the top, rostral to the left. Time is given in hr and min. These images were embossed (see Materials and Methods).

The dynamic behaviors observed along the axon shaft overlying
the basilar pons were not evident at positions just caudal to the
basilar pons, where collateral projections are not established. This
spatial restriction in dynamic axon behavior could be attributable
either to positive cues in the region of the basilar pons that induce
branching or to negative cues in certain areas of the tract that
inhibit branching. Molecules that inhibit or repel growth cones
have been implicated in defining axonal growth trajectories during
the development of several axonal projections (for review, see
Keynes and Cook, 1995). One such molecule, a repulsive activity
associated with chick caudal tectal membranes originally defined
by its ability to repel and collapse the growth cones of retinal
axons in vitro (Walter et al., 1987a,b; Stahl et al., 1990), can also
inhibit the branching of retinal axons in vitro (Roskies and
O’Leary, 1994). It is possible, therefore, that inhibitory molecules
localized to parts of the corticospinal tract inhibit branching
activity. Other studies, however, indicate a pivotal role for the
basilar pons itself in regulating branching (O’Leary et al., 1991).
Collagen gel coculture experiments have shown that pontine
tissue releases a chemotropic activity that attracts cortical axons
(Heffner et al., 1990). Similar in vitro experiments using time-lapse
video microscopy have indicated that the pontine-derived che-
moattractant also enhances the formation of branches from the
shaft of cortical axons (Sato et al., 1994),

In addition to a spatial restriction in activity along the axon
shaft, we find that the observed dynamic phenomena are also
temporally restricted, indicating a critical period for axonal

branching. This critical period could be attributable to changes in
axonal responsiveness, to changes in the distribution of cues that
induce or inhibit branching, or to a combination of these factors.
Other components that do not directly induce or inhibit branch
formation nonetheless may alter axonal responsiveness to the cues
that do. For example, in the spinal cord where corticospinal axons
also innervate the spinal gray via the mechanism of interstitial
collateral branching, polysialic acid (PSA), a sugar epitope on the
neural cell adhesion molecule, is selectively upregulated on cor-
ticospinal axons coincident with the onset of collateral branching.
The removal of PSA both delays and diminishes branch formation
(M. Daston, M. Bastmeyer, U. Rutishauser, D. O’Leary, unpub-
lished data).

We observed that 77% of the branches that formed de novo
were extended ventrally from the axon shaft directly toward the
basilar pons. This directed extension was apparent from the onset
of branch extension: we never observed a branch to extend dor-
sally and then redirect its growth ventrally toward the basilar pons;
nor did we observe an “active site” on an axon shaft that extended
a branch dorsally and later extended a branch ventrally. Indeed, of
the countless thousands of branches that we have labeled and
examined in tissue sections of fixed brains using conventional
fluorescence microscopy (as in O’Leary and Terashima, 1988), we
have seen only a single example of a collateral branch that initially
extended dorsally, but turned to redirect its trajectory ventrally
toward the basilar pons (M. Bastmeyer and D. O’'Leary, unpub-
lished observations). Even the 20% of the branches that we
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Table 1. Quantitation of de nove interstitial branching: frequency, directionality, stabilization

Number of Direction of Observation time Axon length
Axon number branches branches (min) observation (pm) Branches - 100 um ™!+ hr™!
1 2 v, V 160 200 038
2 192 dv,d 170 300 035
3 24 v,V 200 200 0.3
4 27 d,v 300 200 0.2
5 1 v 170 200 0.18
6 1 v 180 200 0.17
7 1 v 200 200 0.15
8 14 v 300 200 0.1
9 1 v 300 200 0.1
10 1 v 320 200 0.09
11 1 v 320 200 0.09
12 1¢ v 320 200 0.09
13 1 d 320 200 0.09
14 0 300 200 0
15 0 300 200 0
Totals 18/107 14v,4d 3860 3100
Mean/axon 12 257 206 0.15 = 0.03

Quantitation of de novo interstitial branching from time-lapse video imaging. Data were collected from time-lapse video observations of corticospinal axons labeled with Dil
injected into motor cortex on early Po. Axonal segments overlying the caudal third of the basilar pons were imaged in slices that were prepared late on Po. Branches that formed
de novo (defined as 5 pm or longer) were counted on axons for which at least a 200 wm segment stayed in focus for =2 hr. Branches were formed either ventrally (v) toward
the basilar pons or dorsally (d).

“Branches that still persisted at the end of the recordings.

Figure 7. Collateral branch formation is temporally restricted. Corticospinal axon labeled with Dil injected into motor cortex and imaged at late P1. By
late P1, long collateral branches have extended into the basilar pons (the border between the axon tract and the pontine neuropil is marked by a white
line in A). Neither branch formation nor axonal activity was observed along corticospinal axons at this later age; however, the collateral branches
themselves show considerable activity within the pontine neuropil. Two secondary branches are marked by an arrow and a filled arrowhead. One branch
elongated and remained stable over the next 90 min (arrows in A-C), whereas the other branch elongated and retracted again (filled arrowhead in A-C).
During the observation time, the ending of the main branch elaborated a complex arbor within the pontine neuropil (open arrowhead in C). Sagittal
section; dorsal is to the fop, rostral to the lefi. Time is given in hr and min. These images were embossed (see Materials and Methods).

observed with time-lapse video imaging to extend dorsally do not
necessarily represent misdirected branches because structures
dorsal to the tract, like the nucleus reticularis tegmenti pontis
(Torigoe et al., 1986), also receive a collateral projection from
corticospinal axons. A directional action of a pons-derived che-
moattractant has been observed with time-lapse video imaging of

cortical axons cocultured with basilar pons in collagen gels (Sato
et al., 1994). Pontine explants enhanced by fivefold the formation
of branches along cortical axons, and ~70% of these branches
were directed toward the pontine explant. These in vitro findings
are consistent with the notion that a chemoattractant released by
the basilar pons induces and directs the ingrowth of cortical axon
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branches. However, in contrast to our study, most of the activity
was detected in an axon segment within 100 wm of the growth
cone. Furthermore, Sato et al. (1994) observed a high frequency
of de novo branching (~1.5 branches-hr™'-axon™') and a low
stabilization rate (2-3%). in comparison, we observed in the slice
preparation a low frequency of de novo branch extension (0.15
branches - 100 um axon™'-hr™') and a high stabilization rate
(55%). These differences between the in vivo and in vitro findings
could be explained in two ways. First, neurites from cortical
explants are reextending axons that have been severed during
explantation, a process that might alter the distribution of recep-
tors for the pons-derived activity, as well as other components that
‘may participate in branch formation. Second, because the in vivo
and in vitro environments are very different, it is likely that the
interactions experienced by cortical axons are also very different.
For example, in vivo cortical axons might have interactions that
dampen branch formation, such as fasciculation within the tract,
contact with molecules that inhibit branching, or other interac-
tions that might help promote branch stabilization, such as contact
with other cellular structures or various adhesion or extracellular
matrix molecules.

The importance of interstitial axon branching in establishing
axonal connections during vertebrate neural development is be-
coming increasingly apparent. In addition to its role in the for-
mation of cortical layer 5 projections, this mechanism appears to
be responsible for the development of the axonal projections from
the hippocampal formation to the mamillary bodies (Stanfield et
al., 1987; Stanfield and O’Leary, 1988), the dorsal root ganglion
neurons to the spinal gray (Snider et al., 1992), cortical callosal
connections (Halloran and Kalil, 1994), and the innervation of the
dorsal lateral geniculate nucleus (Bhide and Frost, 1991) and the
optic tectum/superior colliculus (Nakamura and O’Leary, 1989;
Simon and O’Leary, 1992a,b) by retinal axons. In addition, time-
lapse video microscopy of developing retinotectal axons in Xeno-
pus (Harris et al., 1987; O’Rourke et al.,, 1994) and zebrafish
(Kaethner and Stuermer, 1992) has revealed a related behavior,
termed back-branching, characterized by the formation of several
short terminal branches in close proximity to the growth cone or
along branches of the developing arbor itself as a mechanism of
arbor elaboration within the target.

In conclusion, our findings demonstrate that the axon shaft is
responsible for the process of tafget recognition by cortical layer
5 axons. Although the primary growth cone of these axons does
not seem to be involved in target recognition, it does serve the
important roles of making specific pathway choices and navigating
the axon along a subcortical pathway that places the axon shaft in
proximity to its targets. Locally acting cues later induce the axon
shaft to initiate and direct the extension of collateral branches into
its targets. Regardless of the nature of these cues that promote
target recognition, the axon shaft and the branches that it gener-
ates respond in a precise and specific manner.
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