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ABSTRACT

Previous research has demonstrated that precise patterns of axonal connectivity often
develop during a series of stages characterized by pathfinding, target recognition, and
address selection. This last stage involves the focusing of projections to a precisely defined
region within the target. Because thalamic projections begin to innervate cortex before the
latter stages are reached, these projections may be important in the establishment of
adult-like patterns of cortical connectivity. To address this issue, we examined the mature
corticopontine and corticospinal projections of visual cortex deprived of early thalamic input
by visual thalamic ablation. Although ablations on the day of birth in hamsters did not
disrupt the targeting of appropriate subcortical structures by visual cortical axons, they did
alter the organization of projections within the basilar pons and spinal cord. The density and
spread of visual corticopontine connections in lesioned animals was greatly increased relative
to unlesioned animals, suggesting that thalamic afferents are required during address
selection, when the topographic specificity of projections is established. To determine whether
early visual thalamic ablation increases connectivity by stabilizing an exuberant develop-
mental projection, we examined the normal development of visual corticopontine connections
in hamsters ages postnatal days 1-17 (P1-P17). From the earliest ages, visual cortical axons
innervate the pontine nucleus in regions specific to their adult projection zones and show
progressive growth within these zones. At no time during development do projections exist
that are equivalent to the projections found after thalamic ablation, suggesting that removal
of thalamic input does not simply stabilize a developmental projection. J. Comp. Neurol. 424:
165-178, 2000. © 2000 Wiley-Liss, Inc.

Indexing terms: corticopontine, corticospinal, dorsal lateral geniculate nucleus, visual cortex

Adult isocortex is divided into a number of functionally
distinct regions, each characterized by a unique pattern of
connections. Developmental factors that generate this
precise connectivity are increasingly well-understood for
intracortical projection systems (i.e., vertical and horizon-
tal connections; Lowel and Singer, 1992; Callaway and
Lieber, 1996; Ruthazer and Stryker, 1996; Castellani and
Bolz, 1997; Castellani et al., 1998; Dantzker and Calla-
way, 1998), whereas factors contributing to the develop-
ment of subcortical projection systems remain to be eluci-
dated. Several indirect lines of evidence suggest that
thalamocortical projections play a role in the patterning of
subcortical projections. Thus, the present experiments
were conducted to examine directly the role of thalamic
input in the formation of corticopontine and corticospinal
projections.

© 2000 WILEY-LISS, INC.

Specific connections between cortical cells and their
subcortical targets emerge during a series of developmen-
tal stages (O’Leary et al., 1990). These stages correspond
well to the sequential stages of pathway selection, target
selection, and address selection used to describe other
axonal projection systems (Goodman and Shatz, 1993).
During pathway and target selection, imprecise connec-
tions between cells and their target structures are formed.
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These connections are then remodeled and refined within
targets during the period of address selection.

Whether the initial axonal extension of a cortical neu-
ron follows a subcortical, intracortical, or callosal route
(i.e., pathway selection) is likely determined early in the
ventricular zone, given that a neuron’s birthday predicts
its mature laminar position (McConnell and Kaznowski,
1991) and that laminar position is correlated with the
selected projection route. Experimental manipulations
that cause cells born during cortical layer V production to
occupy ectopic positions demonstrate that axons from
these cells project to appropriate subcortical targets
(Jensen and Killackey, 1984; Terashima, 1995), providing
further evidence that factors acting at the time of mitotic
division, or shortly thereafter, specify initial axonal pro-
jections. The presence of subcortical cues that facilitate
pathway guidance and target innervation is demonstrated
by coculture studies in which diffusible chemotropic mol-
ecules attract subcortical axons toward the internal cap-
sule and into subcortical targets (Bolz et al., 1990; Heffner
et al., 1990; Molnar and Blakemore, 1991; Joosten et al.,
1994; Metin and Godement, 1996; Richards et al., 1997).
However, the connections formed between explants of cor-
tex and subcortical targets lack the regional specificity
found in vivo (Molnar and Blakemore, 1991; Joosten et al.,
1994), implying that other factors are required for the
development of precise subcortical connections.

One such factor may be thalamocortical input, as sug-
gested by transplant studies (O’Leary and Koester, 1993).
Heterotopically transplanted tissue develops subcortical
connections appropriate for the cortical area into which it
is transplanted: Visual cortex transplanted to motor cor-
tex retains its normally transient corticospinal projection,
whereas motor cortex transplanted to visual cortex loses
its corticospinal projection but maintains its normally
transient corticotectal projection (Stanfield and O’Leary,
1985; O’Leary and Stanfield, 1989). Importantly, trans-
planted cortices receive thalamocortical input character-
istic of their new locale (Schlaggar and O’Leary, 1991;
O’Leary et al., 1992). In contrast, recent experiments sug-
gest that heterotopically transplanted cortex forms effer-
ent connections characteristic of its site of origin
(Ebrahimi-Gaillard et al., 1994), but the subcortical con-
nections of the transplant are nonetheless appropriate for
the type of thalamic input that the transplant receives
(Frappe et al., 1999). Hence, input from the sensory thal-
amus may play a crucial role in the patterning of subcor-
tical connections.

We have addressed this issue by examining the adult
corticopontine and corticospinal connections formed by
visual cortex denervated of its early thalamic input. Vi-
sual thalamic ablations were performed on the day of birth
in hamsters, a time when visual cortical efferents are in
the internal capsule but have not yet reached their sub-
cortical targets (Miller et al., 1993). Based on the findings
above, we hypothesized that visual projections emerging
from deafferented cortex would project subcortically but
fail to show specificity in 1) the selection of subcortical
targets and/or 2) the arborization within targets. Initial
experiments confirmed the second hypothesis; neonatal
thalamic ablations resulted in an increase and spread of
visual corticopontine projections beyond the normal ar-
borization zones in the basilar pons. Based on findings
that visual corticopontine projections in the rat undergo
slight refinement during development (Mihailoff et al.,
1984), we examined the development of normal visual
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corticopontine projections in the hamster to determine
whether the substantial removal of thalamic input arrests
subcortical projections in an immature exuberant state.

MATERIALS AND METHODS

Offspring of timed pregnant Syrian hamsters (Me-
socricetus auratus) from our breeding colony were used for
the present experiments. Animals were maintained on a
12L:12D photoperiod and fed food and water ad libitum.
Throughout all experiments, animals were maintained in
strict accordance with the policies and procedures set
forth in The National Institutes of Health Guide for the
Care and Use of Laboratory Animals and with the ap-
proved regulations of Cornell University (Institutional
Animal Use Committee).

Experiment 1: thalamic ablation study

Neonatal thalamic ablations. Hamster pups aged
postnatal day 0 (PO; the first 24 hours following birth)
were anesthetized by hypothermia and given unilateral
electrolytic ablations targeting the left visual thalamic
nuclei: lateral nucleus (L), dorsal lateral geniculate nu-
cleus (LGd), and lateral posterior nucleus (LP). Specific
thalamic nuclei may be ablated at PO without directly
injuring the cortex, insofar as posterior cortex has not yet
grown over the posterior thalamus. A small hole was made
in the skull on the dorsal surface behind the developing
cortex. An insulated stainless steel electrode with a 0.25
mm exposed tip (FHC, Brunswick, ME) was lowered at a
45° caudal to rostral angle to a depth of 2 mm and current
was applied using a Grass SD9 Stimulator. Pups were
rewarmed and returned to their mothers.

Tracer injections in adults. At P23 or P24, the an-
terograde tracer biotinylated dextran amine (BDA; 10,000
MW, Molecular Probes, Eugene, OR) was placed into the
visual cortex of neonatally lesioned hamsters for the ex-
amination of visual subcortical projections. At these ages
in the rat and hamster, subcortical connections from vi-
sual cortex to the pons and spinal cord are adult-like
(Mihailoff et al., 1984; O’Leary and Stanfield, 1986). Pilot
experiments demonstrated that more consistent and com-
plete labeling of long-range subcortical connections was
obtained using an implant of BDA-soaked filter paper
(protocol based on Ding and Elberger, 1995) than with
pressure injections of BDA. The implant method was
therefore adopted here. Animals were anesthetized with
Nembutal (0.16 c¢c/100 mg of 50 mg/ml). The scalp was
incised, and a small piece of skull was retracted to expose
underlying visual cortex ipsilateral to the lesion. The dura
was incised, and a piece of filter paper (0.75 mm by 0.5
mm) that had been soaked in 20% BDA in phosphate
buffer (PB; pH 7.4) and air dried was implanted into the
visual cortex. The skull flap was repositioned and the
scalp was sutured. Following a 9 or 10 day survival period,
animals (P32 or P33) were overdosed with Nembutal and
perfused transcardially with 0.9% saline, followed by 4%
paraformaldehyde in 0.1 M PB. Brains were removed and
stored in fixative at 4°C until processing. Survival time
was selected based on pilot data demonstrating optimal
transport with this interval.

Histology. Brains were transferred to a 30% sucrose
solution 24 hours prior to sectioning. The forebrain was
separated from the hindbrain and spinal cord by making
an angled cut through the midbrain so as not to compro-
mise the thalamus or pontine nucleus. Both blocks of
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tissue were embedded in albumin-gelatin and cut on a
freezing microtome at 40 wm. The forebrain block of tissue
was sectioned coronally to facilitate thalamic lesion recon-
struction; the hindbrain block was sectioned sagittally for
optimal visualization of corticospinal projections. Every
fourth section from the forebrain block and alternate sec-
tions from the hindbrain block were processed as follows:
Sections were rinsed in phosphate-buffered saline (PBS;
pH 7.2), quenched in a 0.5% H,0, solution for 5 minutes
and incubated in an avidin-biotin complex solution (1:50;
Vectastain Elite Standard Kit; Vector Laboratories, Bur-
lingame, CA) containing 0.4% Triton X-100 (TX) for 2
hours. Tissue was rinsed in PBS and reacted in a 0.05%
diaminobenzidene (DAB; Sigma Chemical Co., St. Louis,
MO) solution enhanced with 1% CoCl, and 1% NiSO,.
After additional PBS rinses, tissue was mounted on
chrom-alum-subbed slides and air dried. Sections were
left unstained or stained lightly with neutral red, dehy-
drated, cleared in xylene, and coverslipped with Per-
mount. The remaining series of unreacted tissue was
stained with cresyl violet for visualization of cortical and
thalamic cytoarchitecture.

Criteria for including experimental animals in the anal-
yses were as follows: 1) at least 50% ablation of the visual
thalamic nuclei (L, LGd, and LP combined) and 2) accu-
rate placement of BDA into visual cortex. Experimental
animals were paired with age-matched controls that had
received BDA implants (1 mm by 0.5 mm) in a similar
location (see Table 1). Unlesioned control brains were
processed in a manner identical to that for experimental
brains.

A BDA implant of smaller width was employed for le-
sioned animals (0.75 mm vs. 1 mm in controls) to adjust
for the loss in cortical thickness produced by early tha-
lamic ablation (owing to a specific loss of layer 4 cells;
density of cells in other cortical layers remains unchanged
although layer 6 shows a nonsignificant decrease; Win-
drem and Finlay, 1991). Pilot experiments demonstrated
that implants of the sizes selected traverse the depth of
the cortical gray matter without entering the white mat-
ter. Visual thalamic ablations do not cause a substantial
tangential shrinkage of total cortical surface area (aver-
age reduction is 5%; M.A. Kingsbury, E.R. Graf, B.L. Fin-
lay, unpublished observations). BDA diffusion into the
white matter occurred in one experimental and two con-
trol animals. However, labeling in these animals did not
differ from that found in animals with BDA confined to
gray matter and they were therefore included in the anal-
yses.

Reconstruction of thalamic ablations. Using a pro-
jection microscope, visual thalamic nuclei on the intact
side and ablated side (when the nucleus was not com-
pletely ablated) were outlined in alternate coronal sec-
tions of the cresyl violet stained series (i.e., every 160 pm).
Surface area measurements were obtained using NIH Im-
age 1.60 (W. Rasband, U.S. National Institutes of Health,
Bethesda, MD), and nuclear volumes were computed. The
unablated volume of each remaining nucleus (L, LGd, LP)
on the lesioned side was then expressed as a percentage of
the volume of the nucleus on the intact side (Table 2).
Given that the nuclei targeted lie on the dorsolateral
surface of the thalamus, the ablations were readily recog-
nized by gliosis and neuronal absence/reduction immedi-
ately dorsal to the external medullary lamina and supe-
rior thalamic radiation. Ablations distorted the general
shape of the thalamus in some subjects. However, remain-
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ing thalamic nuclei retained many of their original char-
acteristics and could be identified on the basis of staining
intensity, cell size and density, and relative position. In
cases in which remaining thalamic nuclei were unrecog-
nizable, brains were excluded from the analysis.

Reconstruction of implantation sites. BDA implan-
tation sites for all animals were charted in alternating
coronal sections (i.e., every 80 wm) under a projection
microscope. Measurements from coronal sections were
used to generate a dorsal view reconstruction of each
implanted hemisphere. The reconstructed hemisphere
was then fitted to a standard dorsal view map of hamster
isocortex (see, e.g., Windrem and Finlay, 1991; Miller et
al., 1991), with adjustments made to account for the cyto-
architecture of the reconstructed brain.

The borders between visual cortical areas (V1 and V2
combined) and adjacent cortices were readily identified in
both control and experimental tissue based on the follow-
ing characteristics: 1) the presence of a distinct cortical
layer 4 in parietal cortex but not in immediately adjacent
visual cortex (corresponding to V2 in control tissue); 2) a
reduction in cortical width between parietal and adjacent
visual cortex (i.e., parietal cortex is wider); 3) the presence
of large Betz cells in layer V of hindlimb cortex but not in
adjacent medial visual cortex; 4) the specific condensation
of layer II cells and the overall appearance of small, ho-
mogeneously globular cells in retrosplenial cortex but not
in medial visual cortex; and 5) the presence of a well-
defined layer IV and hypocellular layer Ve (but not layer
Vb) in temporal cortex but not in lateral visual cortex.

In contrast, the location of the V1/V2 border could not be
identified in animals from the experimental group.
Whereas a well-defined cortical layer IV and hypocellular
layer V distinguished V1 from V2 in controls, this distinc-
tion was not possible in lesioned animals because of the
significant loss of layer IV cells (Windrem and Finlay,
1991). However, this likely does not substantially impact
our results; placement of BDA into a variety of medial
locations in control visual cortex produced very similar
patterns of corticopontine labeling (see below under Meth-
odological considerations). Outside of the visual cortices,
the cytoarchitecture of other cortical areas appeared nor-
mal in animals with incomplete visual thalamic ablations.
In animals with complete or extremely large visual tha-
lamic ablations (i.e., animals 541.8, 593.3, and 541.10),
thalamic damage encroached into nonvisual thalamic nu-
clei located ventral to the visual nuclei, thus affecting the
cytoarchitecture of some nonvisual cortices. Specifically,
we observed a decrease in the thickness of layer IV and, to
a lesser extent, of layer VI, in parietal cortex ipsilateral to
the ablation, compared to parietal cortex in the contralat-
eral hemisphere. The thickness of layer IV in forelimb
cortex was also slightly reduced in the ablated hemi-
sphere. No noticeable differences were detected in the
retrosplenial cortices or motor (frontal) cortices of the
deafferented hemisphere compared to the control hemi-
sphere. In the two animals with damage to the medial
geniculate nucleus (i.e., animals 593.4 and 541.8), layer IV
of primary auditory cortex of the denervated hemisphere
was reduced in width compared to the control hemisphere.

The parcellation of the adult dorsal view map into cyto-
architectonically distinct areas has been previously de-
scribed (Windrem and Finlay, 1991) and is shown in Fig-
ure 1 (right). For clarity, only the visual cortices are
labeled. Implantation sites in both experimental and con-
trol brains were located primarily in medial visual cortex
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Unrolled Adult Dorsal View

Unrolled Neonatal Dorsal View

Dorsal View

Fig. 1. Dorsal view representations of normal (left) and unrolled
(center and right) hamster isocortex. The locations of implantation
sites in developing and adult animals used in the present studies are
shown on the dorsal view maps of unrolled neonatal and adult cortex,
respectively. See Table 1 for the specific site location for individual
subjects. V1, primary visual cortex; V2, secondary visual cortex; R,
rostral; L, lateral.

TABLE 1. Description of Subjects and Tracer Placement

Age at
Neonatal injection/ Implant/Injection
Animal treatment perfusion placement!?
Lesion study
541.8 PO lesion P24/P33 O
541.3 Normal P24/P33 O
541.10 PO lesion P24/P33 [
507.6 Normal P22/P32 [ ]
593.3 PO lesion P24/P33 m}
594.7 Normal P23/P33 m}
593.4 PO lesion P24/P33 O
593.11 Normal P24/P33 O
594.8 PO lesion P24/P33 O
594.5 Normal P23/P33 0
Developmental study
678.2 Normal PO/P1 *
679.1 Normal P2/P3 *
697.3 Normal P4/P5 *
683.3 Normal P6/P7 m]
692.4 Normal P8/P9 ]
701.3 Normal P8/P9 0
750.1 Normal P8/P9 *
750.2 Normal P8/P9 O
694.7 Normal P10/P11 *
694.8 Normal P10/P11 m]
704.5 Normal P10/P11 0
750.5 Normal P10/P11 0
750.6 Normal P10/P11 O
699.3 Normal P12/P13 O
700.1 Normal P12/P13 *
695.7 Normal P14/P15 [ ]
692.9 Normal P14/P15 *
694.9 Normal P16/P17 [ J

1See Figure 1 for symbol location.

2Note that tracer placement in lesioned animals was determined based on position
within visual cortices (V1 and V2 combined), because the V1/V2 border could not be
distinguished in these subjects.

(Fig. 1, right). Implantation site for each subject is indi-
cated in Table 1.

Analysis of adult corticopontine projections. Ax-
onal arborization in the pontine nucleus of five matched
pairs of subjects was analyzed using NIH Image 1.60 and
Adobe Photoshop 3.0. (Adobe Systems, Inc., Mountain
View, CA) for the Macintosh. Brightfield images of the
basilar pons were captured using a Leitz Diaplan micro-
scope and a COHU 4910 CCD video camera. The perime-
ter of the pons was outlined in each cresyl violet section
and then imposed on the adjacent unstained section. La-
beled axons in the pons were traced in every 40 pm un-
stained section (i.e., every 160 pm) in experimental ani-
mals (n = 5) and control animals (n = 5) by investigators
blind to the subject’s status.

Pontine area and axon arborization were then calcu-
lated based on perimeter and axonal tracings. Axon ar-
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borization was expressed as a fraction of total pons area,
thus correcting for individual differences in pons size. A
measure of total axon spread was additionally obtained by
drawing best-fit convex polygons around clusters of traced
axons. The amount of pontine area innervated by axons
(defined as total area of convex polygons) was then divided
by total pons area to determine the percentage of pons
area that contained axons.

Analysis of adult corticospinal projections. The
number of BDA-labeled axons in consecutive 800 um?
grids was counted in the pyramidal tract (ipsilateral to
BDA implantation) and in the contralateral dorsal funic-
ulus (up to 6,400 wum?) in three matched pairs of subjects.
We focused on the projections within the pyramidal tract
and upper cervical cord because a large number of tran-
sient corticospinal axons from visual cortex are present
within these areas during development compared to more
caudal aspects of the cord (O’Leary and Stanfield, 1986).
Our measurements were conducted in every 40 pm un-
stained sagittal section through the hindbrain using an
eyepiece reticule. Axon counts were conducted by assis-
tants blind to the subject’s status.

Photography. BDA-labeled axons in the pons and py-
ramidal tract of lesioned and control subjects were photo-
graphed using a Nikon Eclipse E-800 microscope and a
Wratten Gelatin A filter (Friedlander and Martin, 1989).

Experiment 2: developmental study

Visual corticopontine connections were examined at
several postnatal ages (P1-P17; see Table 1) to determine
whether the topography of the projection at any time
during development (P1-P17) was similar to that found
after thalamic ablation. We focused on the projections
present at P9-P11, because these ages in the hamster
correspond to the period of maximum diffuseness of visual
corticopontine projections described for the rat (P9-P10;
Mihailoff et al., 1984). We examined corticopontine pro-
jections up to age P17 because 1) the refinement of corti-
copontine connections in the rat is largely complete by the
middle of the third postnatal week (Mihailoff et al., 1984)
and 2) adult-like corticopontine connections were observed
at P17 (present study).

Tracer injections in developing animals. Biocytin
was used as the anterograde tracer for the present devel-
opmental study as pilot experiments demonstrated that 1)
BDA injections in neonatal animals produced poor axonal
labeling and 2) biocytin yielded clear labeling of axons and
growth cones in animals as young as PO (Kingsbury et al.,
1998). The use of different tracers in experiments 1 and 2
could have potentially produced quantitative differences
in label, although our data do not support this assertion
(compare adult control subjects in experiment 1 to P15—
P17 subjects in experiment 2; Fig 5. vs. Fig. 7).

Our primary methodological concern was that biocytin
injections in developing animals be placed into regions
comparable to those targeted in experiment 1 adults. Be-
cause there is substantial growth of neonatal hamster
cortex during the first postnatal weeks, a flat-mounted
cortex was prepared for an additional unmanipulated sub-
ject of each developmental stage, allowing us to compen-
sate for isocortical growth. Based on this compensation,
injections were made into the medial posterior cortex of
subjects at each selected age. We assumed in these proce-
dures that the proportions of V1 and V2 remain constant
during normal development (Duffy et al., 1998).
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Animals were anesthetized by hypothermia (P0O—P8) or
by injections of Nembutal (P10-P16). The skull was ex-
posed, and a hole was made in the skull overlying visual
cortex with a needle (P0—P4) or drill (P6—P16), using the
sagittal and transverse sinuses as guides. A solution of 5%
biocytin dissolved in filtered dH,O was picospritzed into
cortex using a glass micropipette. Injections were made to
span the full thickness of the cortex and were confined to
the cortical gray matter in subjects of all ages except PO
and P2. Following injection, the scalp was sutured and the
animal was allowed to recover under a heat lamp before
being returned to its mother. Twenty-four hours after
injection, subjects were overdosed with Nembutal and per-
fused through the heart with 0.9% saline, followed by 4%
paraformaldehyde and 0.1% gluteraldehyde in 0.1 M PB.
Brains were removed and stored in fixative containing
30% sucrose.

Histology. Brains were blocked into forebrain (coro-
nal) and hindbrain (sagittal) components as described for
experiment 1 but were not embedded in albumin-gelatin.
Tissue blocks were cut frozen at 60 pm. All sections were
processed with an enhanced histochemistry protocol (after
Ding and Elberger, 1995) to facilitate visualization of la-
beled axons in developing brains: Sections were rinsed in
PBS, quenched in 0.5-1% H,0,, and incubated in 1% TX.
Tissue was then incubated overnight in an avidin-biotin
complex solution (1:100; Vectastain Elite Standard Kit)
containing 1% TX. Following additional PBS rinses, tissue
was reacted with a 0.004% tetramethylbenzidine (Sigma)
solution enhanced with 0.5% sodium tungstate (Sigma).
Sections were then rinsed in Tris-HCI buffer (Tris; pH
7.4), enhanced in a 0.5% CoCl, solution, and reacted with
a 0.05% DAB solution in Tris. Tissue was rinsed again,
mounted onto chrom-alum-coated slides, and dried over-
night. Sections were left unstained or were stained lightly
with thionin, dehydrated, cleared in xylene, and cover-
slipped with Krystalon (Harleco, Gibbstown, NdJ).

Reconstruction of injection sites. Biocytin injections
were mapped in dorsal view reconstructions following the
procedures described for experiment 1. Each recon-
structed hemisphere was fitted to a standard dorsal view
map of developing hamster isocortex (Fig. 1, center). The
dorsal view map was divided into broad cortical areas
using the cytoarchitectonic divisions identified in coronal
sections of P7 brains. Primary sensory areas were identi-
fied by the presence of a well defined granular layer 4 and
hypocellular layer V. Delineation of cortical areas in ani-
mals younger than age P7 is difficult in that the cortical
plate is only partially differentiated (Miller et al., 1993).
However, visual cortex expands isotropically during devel-
opment (Duffy et al., 1998), so the reconstructed hemi-
spheres of brains younger than age P7 were fitted to the
proportions of visual cortical areas from P7 brains.

In addition to injection site mapping, anterograde label
was charted in the thalamus of developing brains to verify
the placement of injections in visual cortex. In animals
aged P9 and younger, there was also limited retrograde
transport of biocytin to the thalamus, which provided ad-
ditional information on injection site placement. Cortico-
thalamic label (and thalamocortical label for animals aged
<P11) was found in the visual thalamus of the animals
included in the developmental study. Injection sites were
located in medial V2, medial border of V1/V2, and medial
V1 (Fig. 1, center). The injection site for each subject is
indicated in Table 1. Animals with injections in areas
other than medial V1 or V2 were not included.
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Analysis of developing corticopontine projections.
Visual corticopontine label in developing animals was an-
alyzed using a Leitz Diaplan microscope and Neurolucida
3.0 (Microbrightfield, Inc., Colchester, VT). Labeled axons
located within the basilar pons were traced in alternate 60
pm sagittal sections in animals aged P5-P17. Axons in
animals aged P1-P3 had not yet grown into the nucleus.

RESULTS

Experiment 1: effects of neonatal ablations
on adult visual subcortical projections

Early thalamic ablations did not alter the appropriate
subcortical targeting by corticofugal fibers. As in controls,
labeled axons in experimental animals projected to the
striatum, remaining visual thalamus, pretectal nuclei,
tectum, pontine nucleus, and spinal cord. However, visual
subcortical connections within the pons and spinal cord
(the two subcortical structures that were the focus of the
present study) were increased in lesioned animals relative
to controls.

Extent of neonatal thalamic ablations. Visual tha-
lamic nuclei (LLGd, LP, and L; Fig. 2) were successfully
ablated without causing direct damage to overlying iso-
cortex (see Fig. 2A, inset). Subjects exhibited both com-
plete (n = 2) and incomplete (at least 50% ablation of
visual thalamic nuclei; n = 3 ) visual thalamic ablations.
A representative incomplete lesion is shown in Figure
2A-D, where L, LGd, and LP were reduced to 54%, 15%,
and 31% of their normal size, respectively. Complete ab-
lations were characterized by the removal of all three
visual thalamic nuclei at all levels of the thalamus with
damage often extending into neighboring thalamic nuclei
(Fig. 2E-H). The percentages of visual thalamic nuclei
remaining on the ablated side of lesioned animals are
presented in Table 2.

The trajectory of subcortical axons was not compro-
mised by the ablation procedure. Fibers labeled by a BDA
injection in visual cortex traveled through the internal
capsule and cerebral peduncle to the pons and spinal cord
in a manner similar to that of labeled axons in controls.
The paths taken by axons traveling to the thalamus and
tectum were also comparable in lesioned and control ani-
mals.

Corticopontine projections. Experimental animals
had a substantially greater amount of axonal arbor in the
basilar pons compared to controls (Fig. 3A). The amount of
pontine area innervated by visual corticopontine projec-
tions in experimental animals was similarly greater (Fig.
3B). On average, three times as much area was innervated
in lesioned animals as in controls, and the extent of reor-
ganization was strongly correlated with lesion size. Ax-
onal arbor and axonal spread in animals with complete
ablations averaged 554% and 498% of control values, re-
spectively, whereas axonal arbor and axonal spread of
incompletely ablated animals averaged 193% and 117% of
control values, respectively.

Experimental animals also exhibited altered visual cor-
ticopontine topography. Corticopontine axons in control
animals arborized in rostral and caudal patches in outer
lateral pons (Fig. 4A; left columns of Fig. 5A,B). The cau-
dal patch was found in the most lateral sections, whereas
the rostral patch was located coincident with or slightly
medial to the caudal patch and continued over a greater
number of sections. In contrast, axonal arbor in the lateral
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Figure 2
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TABLE 2. Percentage of Visual Thalamic Nuclei Remaining in

Lesioned Animals®
Animal L LGd LP
541.8 0 0 0
510.10 0 0 26
593.3 0 0 0
593.4 54 15 31
594.8 54 48 43

Wolume of lesioned nucleus/volume of intact nucleus. L, lateral nucleus; LGd, dorsal
lateral geniculate nucleus; LP, lateral posterior nucleus.

pons of lesioned animals extended throughout this portion
of the nucleus rather than being localized to discrete
patches (Fig. 4B,C; right columns of Fig. 5A,B). Further-
more, a rostral patch of axons was found throughout the
medial pons of every lesioned animal (right columns of
Fig. 5A,B) compared to only one control animal (not
shown). A small caudal patch of axons was also found in
the medial pons of one experimental animal (right column
of Fig. 5A) that was not present in controls. The increase
in visual corticopontine connections in lesioned animals
was not associated with a change in pontine size; there
was no significant difference in volume of the nucleus
between control and lesioned subjects (n = 5 matched
pairs; P = 0.187, paired t-test).

Corticospinal connections. Although the general tra-
jectory of axons from visual cortex to the pyramidal tract,
pyramidal decussation, and contralateral dorsal funiculus
was similar for the two experimental groups, the visual
corticospinal projection was greater in lesioned animals
compared to controls (Fig. 6B). Whereas a small number of
labeled axons were present in the pyramidal tract and
dorsal funiculus of adult controls, adult animals that had
received neonatal thalamic ablations exhibited a substan-
tially larger number of labeled axons within these path-
ways, particularly in the rostral pyramidal tract (cf. Fig.
6C and D).

Experiment 2: development of visual
corticopontine projections

The growth of visual subcortical axons into the basilar
pons is specific to their adult projection zones in rostrolat-
eral and caudolateral pons. Representative corticopontine
projections from each developmental age are shown in

Fig. 2. Extent of thalamic damage produced by neonatal unilat-
eral electrolytic ablations. A,E: Brightfield photomicrographs of Nissl-
stained coronal sections through the thalamus of adult hamsters with
incomplete (A) and complete (E) visual thalamic ablations. Visual
thalamic nuclei on the unablated side are outlined with a broken line.
B-D,F-H: Schematics of coronal sections at rostral, medial, and cau-
dal levels of the thalamus, respectively, illustrating the extent of
thalamic ablations. The photomicrograph in A is at the level of the
thalamus depicted in D; E corresponds to the level shown in G. There
was no direct mechanical damage to the isocortex from the ablations
as shown by a low-power photomicrograph of a more rostral coronal
section through the thalamus of animal 593.4 (inset in A, lesioned
side shown on right). AM, anteromedial nucleus; AV, anteroventral
nucleus; Ce, central nucleus; CL, central lateral nucleus; L, lateral
nucleus; LGd, dorsal lateral geniculate nucleus; LGv, ventral lateral
geniculate nucleus; LP, lateral posterior nucleus; MD, mediodorsal
nucleus; Pom, posterior complex, medial nucleus; R, thalamic reticu-
lar complex; Re, reuniens nucleus; S, submedial nucleus; VB, ventro-
basal nucleus; VL, ventrolateral nucleus; VM, ventromedial nucleus;
VMb, ventromedial, basal nucleus; R, rostral; C, caudal. Scale bars =
1 mm in A-H, 1.5 mm in inset.
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Fig. 3. Comparison of BDA-labeled corticopontine arbor in control
hamsters and hamsters given neonatal visual thalamic ablations at
birth (n = 5 pairs matched for size and placement of BDA in visual
cortex). A: Visual corticopontine arbor in adults, as measured by
axonal arbor (um) corrected for pontine area (um? mean + SEM;
*P = 0.032; paired t-test). B: Amount of pontine area occupied by
visual corticopontine axons in adults (mean * SEM; *P = 0.014;
paired ¢-test).

Figure 7. Data from P1 and P3 subjects are not shown
because no labeled axons are found within the pons at
these times. Subcortical projections from visual cortex are
first seen entering the pons on P5 and are located in the
rostrolateral areas of the nucleus. At this age, axons
tipped with growth cones are also observed traveling
through the medullary pyramidal tract above the basilar
pons (not shown). The arborization pattern remains rela-
tively unchanged from P5 to P7. A caudal patch of axons,
located coincident with or slightly lateral to the rostral
patch, is observed in half of the animals aged P9. A slight
increase in the amount of axonal arbor within the rostral
patch is also found at this age. By P11, a caudal patch of
axons is observed in all animals and is characterized by a
greater density of axons than at P9. The topography of the
visual corticopontine projection at P11 is essentially
adult-like and does not substantially change between P11
and P17 (cf. P11-P17 data in Fig. 7 to experiment 1
control data in Fig. 5). At no time during development is a
projection observed that is topographically similar to the
pattern observed in neonatally lesioned animals. This is
illustrated in Figure 8 by the topography of the cortico-
pontine projection in a P11 animal that had received a
large and extremely dense injection of biocytin (Fig. 8A, cf.
Fig. 8B). Although the density of axonal label is increased
in this animal (694.7) compared to other P11 animals
(compare columns in Fig. 8C), the projection resembles the
normal arborization pattern rather than that found in
lesioned animals (cf. Fig. 8C and lesioned data from Fig.
5A,B).

DISCUSSION

The present experiments demonstrate that early visual
thalamic ablations substantially alter adult subcortical
projections from visual cortex. The results of our first
experiment show that, relative to controls, neonatally ab-
lated animals exhibit increased visual corticopontine and
corticospinal projections as adults. The topographic orga-
nization of visual corticopontine projections is altered
such that axons are no longer confined to rostral and



172

caudal patches in lateral pons. These abnormal cortico-
pontine projections in thalamic ablated animals do not
resemble visual corticopontine connections observed at
any stage of normal development, as shown in our second
experiment, indicating that the early removal of thalamic
input does not stabilize a developmental projection (sum-
marized in Fig. 9).

Methodological considerations

The neonatal visual thalamic ablations employed here
produced alterations in cortical cytoarchitecture. These
alterations did not prevent the identification of bound-
aries between visual and nonvisual cortices but did sub-
stantially reduce the number of layer IV cells in the visual
cortices, making it difficult to distinguish V1 from V2.
Thus, a primary concern of the present study is whether
the locations of BDA implants in lesioned and control
animals are equivalent. We addressed this concern by
matching lesioned and control subjects for BDA placement
within overall visual cortex (V1 and V2 combined). This
method might not provide exact precision if visual tha-
lamic ablations caused differential shrinkage of V1 or V2.
However, the present data suggest that different cortico-
pontine projection topographies between lesioned and con-
trol animals cannot be explained by a difference in the
placement of BDA. First, control animals with BDA im-
plants in a variety of locations in medial visual cortex had
similar corticopontine projection patterns. Thus, a broad
area of visual cortex exhibits similar subcortical projection
patterns, suggesting that slight differences in tracer
placement should not produce striking differences in pro-
jection topography. Second, the projections in lesioned
animals did not resemble those observed following any of
the 23 tracer placements made in the control animals in
experiment 1 and the normal animals in experiment 2.

Importance of thalamic input in the
establishment of subcortical connectivity

Whereas neonatal visual thalamic ablations did not dis-
rupt the ability of visual corticofugal axons to target ap-
propriate subcortical structures, ablations did disrupt the
topographic organization of visual projections within a
subcortical target (pontine nucleus). That corticopontine
projections do not require thalamic afferents for target
selection is supported by coculture studies in which axons
of layer V cells from cortical explants show directed
growth and branching towards explants of pons, but not
control tissues, in response to a diffusible chemotropic
molecule (Heffner et al., 1990; Sato et al., 1994). However,
it is not known whether the topographic organization of
corticopontine projections is maintained in culture. We
now demonstrate that a substantial portion of visual
thalamocortical projections is necessary for the establish-
ment of normal visual corticopontine topography, strongly
suggesting that these projections, or the activity relayed
through them, are important during the stage of address
selection. This reorganization of corticopontine circuitry is
most likely induced by removal of visual thalamocortical
axons and not by novel or increased projections from other
thalamic nuclei; previous work has shown that there is
little or no reorganization of remaining thalamocortical
connections to deafferented cortex following ablation
(Miller et al., 1991).

M.A. KINGSBURY ET AL.

Fig. 4. Brightfield photomicrographs of axons labeled by BDA
implantation in visual cortex, shown in unstained sagittal sections
through the lateral pons of a P33 control hamster (A) and P33 ham-
sters that sustained neonatal visual thalamic ablations (B,C). Sec-
tions were photographed using a Wratten Gelatin A filter. Borders of
the pontine nucleus are indicated by arrowheads (rostral, left; dorsal,
top). Scale bars = 200 pm.

Adult visual subcortical connections in
control and lesioned hamsters
Corticopontine projections. Projections in adult con-

trols were characteristic of normal visual corticopontine
projections, whereas those in lesioned animals showed
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A Control Lesioned (incomplete)
594.5 594.8
Adult Adult

Fig. 5. A,B: Reconstructed sagittal sections through the laterome-
dial pons showing the distribution of BDA-labeled axons in control
subjects and subjects with neonatal ablations of the visual thalamus.
Two pairs of control and experimental animals are presented,
matched for size and location of BDA implantation (shown in unrolled

considerable reorganization. Previous experiments have
shown that normal visual corticopontine connections are
primarily localized to rostrolateral pons (Burne et al.,
1978; Lent, 1982). The present study confirmed these find-
ings and additionally demonstrated that visual cortex
sends a minor projection to caudolateral pons. This is also
in agreement with more recent studies of corticopontine
circuitry (Wiesendanger and Wiesendanger, 1982; Mihail-
off et al., 1984; Leergaard et al., 1995). Corticopontine
axons labeled by BDA placements in visual cortex were
organized into patches in external lateral pons and were
often wedge-shaped, consistent with descriptions of rat
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Control

594.7
Adult
.
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B Lesioned (complete)

593.3
Adult

cortical maps, top). Experimental subject 594.8 had an incomplete
visual thalamus ablation; subject 593.3 had a complete visual thala-
mus ablation (see Table 2). R, rostral; C, caudal; M, medial; L, lateral.
Scale bar = 200 pm.

visual corticopontine axons (Leergaard et al., 1995). In
contrast, BDA-labeled corticopontine axons in thalamic-
lesioned animals extended well beyond normal arboriza-
tion zones in both rostrocaudal and lateromedial direc-
tions (Fig. 9A). Previous studies have demonstrated a
clear topographic organization of normal corticopontine
circuitry where anterior and lateral cortical areas project
to more medial, internal and caudal pontine regions while
posterior and medial cortices project to more lateral, ex-
ternal and rostral pontine areas (Wiesendanger and
Wiesendanger, 1982; Leergaard et al., 1995). In lesioned
animals, the spread of visual corticopontine connections
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Fig. 6. A:Schematic of the visual corticospinal tract. The large box
represents the area of concentration for quantitative analysis of vi-
sual corticospinal axons; the small box represents the location of the
corticospinal axons presented in C and D. B: Comparison of BDA-
labeled corticospinal axons in control hamsters and hamsters given
neonatal visual thalamic ablations (n = 3 pairs matched for size and
placement of BDA in visual cortex). Graph shows the number of axons
(mean = SEM) counted in consecutive 800 pm? grids in the pyramidal
tract (ipsilateral to the BDA implant) and contralateral dorsal funic-
ulus of adult animals. The pyramidal decussation is represented by a

into internal and medial pontine regions may have dis-
rupted the organization of corticopontine projections from
other regions of cortex. However, it remains to be deter-
mined whether the increased projections from visual cor-
tex overlap with these other projections or exclude them
from the nucleus. In addition, it is presently unknown
whether the reorganization of corticopontine connections
induced by visual thalamic ablations is specific to visual
cortex. Examination of corticopontine projections from

150
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dashed line. C,D: Brightfield photomicrographs of BDA labeled axons
in unstained sagittal sections through the rostral pyramidal tract of a
P33 control hamster (C) and P33 experimental (neonatally lesioned)
hamster (D) that had received BDA implants of similar size and
placement in visual cortex (rostral, left; dorsal, top). Arrows in C point
to the labeled corticospinal axons (in plane of focus and at slightly
different depths of field) in the control animal. Df, dorsal funiculus;
Pd, pyramidal decussation; Pn, pontine nucleus; Pt, pyramidal tract;
Th, thalamus. Scale bars = 50 pm.

non-visual cortical areas following visual thalamic abla-
tions, as well as the examination of visual corticopontine
connections following non-visual thalamic ablations,
would provide insight into whether visual thalamic affer-
ents specifically shape subcortical projections from visual
cortex.

Corticospinal projections. The number of adult vi-
sual corticospinal axons in the pyramidal tract and con-
tralateral dorsal funiculus of experimental animals was
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Fig. 7. Distribution of visual corticopontine projections during
normal development (P5-P17), presented as in Figure 5. A represen-
tative subject from each developmental age is shown. Adult visual
corticopontine axons in a neonatally lesioned animal are shown at the

substantially greater than that found for controls. Previ-
ous research indicates that visual corticospinal connec-
tions are not present in normal adult hamsters (O’Leary
and Stanfield, 1986). However, the small number of BDA-
labeled axons in our adult controls is likely due to the
placement of BDA in medial V2; an area which has been
shown to project sparsely to all levels of the spinal cord in
adult rats (Miller, 1987). Whether the differences found
between control and lesioned animals are reflected in the
terminal zones of corticospinal axons (i.e., spinal gray
matter) remains to be determined as only the upper cer-
vical cord was processed here.

Development of corticopontine connections

Although the development of visual corticopontine con-
nections described here is in general agreement with that
described for the rat, projection refinement per se is not
observed for the hamster. Both our study and those in rats
demonstrate that the initial growth of visual corticopon-
tine axons into the pons is specific to the adult projection
zones in rostrolateral and caudolateral pons (Mihailoff et
al., 1984; Leergaard et al., 1995). Projections within these
regions also become more focused during development in
both rats (Mihailoff et al., 1984) and hamsters (present
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far right, illustrating that projections observed following thalamic
ablation do not resemble projections observed during normal devel-
opment. Scale bar = 400 pm.

study). However, whereas corticopontine projections in
the rat focus through a process of constriction or fragmen-
tation (Mihailoff et al., 1984), no such refinement of these
projections was observed for the hamster. Rather, termi-
nal fields appeared to focus only by a simple increase in
axonal concentration (Fig. 9B).

Possible mechanisms of increased
subcortical projections after
thalamic ablation

We found no evidence to suggest that complete or par-
tial removal of visual thalamic input stabilizes an exuber-
ant developmental projection. No corticopontine projec-
tions were observed during development that were equal
in extent or topography to the projections found in le-
sioned animals. Similarly, only small numbers of labeled
axons were seen in the pyramidal tract beyond the pons in
the animals aged P5-P17.

Although the early deafferentation of a brain area can
induce axonal sprouting into the denervated area (for
review see Cotman et al., 1981), such effects cannot suffi-
ciently account for the present findings. In previous abla-
tion studies, increases in corticopontine and corticospinal
connections were produced by sprouting of corticofugal
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projections from intact cortex into subcortical space that
was made available by the removal of corticofugal projec-
tions originating in ablated cortex (Hicks and D’Amato,
1970; Leong and Lund, 1973; Kartje-Tillotson et al., 1986;
Kuang and Kalil, 1990). In contrast, thalamic ablations in
the present study directly deafferented the cortex, not
subcortical targets, and the observed increases in connec-
tions projected from, rather than into, the deafferented
region.

Given that thalamic ablations disrupt corticopontine
address selection and that address selection is associated
with activity dependent mechanisms (Goodman and
Shatz, 1993), it can be proposed that the increased con-
nectivity following ablation is due to a disruption of activ-
ity. Activity is important in shaping connectivity within
the visual system (Hubel et al., 1977; Shatz and Stryker,
1978), and retinogeniculate and geniculocortical axons fail
to segregate into eye-specific lamina or columns, respec-
tively, following tetrodotoxin (TTX)-induced activity
blockade (Stryker and Harris, 1986; Shatz and Stryker,
1988). Previous findings suggest that axon segregation
depends on the pruning of exuberant connections via a
Hebbian mechanism (termed selectionism; Quartz and Se-
jnowski, 1997). However, rather than remaining in an
exuberant or frozen state as selectionism would predict,
retinogeniculate, geniculocortical, and long-range visual
cortical axons subjected to TTX treatment show extensive
growth and/or expansion beyond their normal range, in
addition to a loss of clustering and/or segregation (Sreta-
van et al., 1988; Antonini and Stryker, 1993; Ruthazer
and Stryker, 1996). These results are consistent with the
proposal that loss of activity induces axonal sprouting
(Brown and Ironton, 1977; Frank, 1987) and support find-
ings that electrical activity suppresses neurite elongation
(Cohan and Kater, 1986). Thalamic-ablated animals in the
present study exhibited an increase in visual corticopon-
tine axons beyond normal projection zones and failed to
develop well-defined rostral and caudal patches in lateral
pons. This pattern of reorganization appears similar to
that observed following TTX treatment and suggests that
thalamic ablations may induce sprouting through reduc-
tion of activity.

Three alternate hypotheses may explain the increased
growth and/or arborization observed in previous TTX ex-
periments and in the present study. The first hypothesis
posits that activity is instructive (Crair, 1999), and its
removal therefore results in axons which no longer recog-
nize their correct terminal zones, as evidenced by in-
creased growth beyond terminal zones and a lack of clus-
tering. However, evidence for an instructive role for
activity may only be provided by experiments in which
changing the pattern of activity, whereas keeping the
overall amount of activity constant, induces subsequent
changes in connectivity. Alternatively, removal of activity
may simply alter cellular processes, inducing profuse ax-

Fig. 8. Large (A) and small (B) injections of biocytin in the visual
cortex of normal P11 hamsters. Cortical gray matter in A and B is
delineated by small lines. Dorsal is to the top. C: Visual corticopontine
projections in P11 animals with large (left) and small (right) biocytin
injections, presented as in Figure 5. Larger injections of biocytin
increased the density of corticopontine label without modifying the
normal projection topography. Scale bar = 200 pwm.
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Fig. 9. Three-dimensional schematics of the pons, summarizing
findings from experiment 1 (thalamic ablation study; A) and experi-
ment 2 (developmental study; B). A: Visual corticopontine projections
in normal adult hamsters arborize in discrete rostral and caudal
patches in lateral pons (left). The topographic specificity of visual
corticopontine connections is disrupted in thalamic ablated animals
because of an increase in axonal arbor, both within and beyond nor-

onal growth and/or sprouting that is independent of an
instructive role for activity (Frank, 1987). A third possi-
bility is that activity patterns induce transitions from one
growth stage to the next. In the corticopontine system, the
pattern of visual activity relayed through thalamocortical
afferents may cue axons to switch from a mode of target
innervation to one of address selection (directed growth to
a particular target region). With the removal of sensory
information via thalamic ablations, visual corticopontine
axons may remain in a stage of target innervation and
thus fail to enter a stage of directed growth.
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