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Abstract

The functional specificity of mammalian isocortex requires that precise connections be established between cortical areas and their
targets. While recent studies of cortical development have focused on intrinsic specification, the role of extrinsic factors has received
considerably less attention. In the present study, we examined how early removal of thalamic input affects the development of visual
corticocortical connections. Hamster pups received ablations of visual thalamic nuclei on the day of birth. At 30 days of age, an injection
of horseradish peroxidase (HRP) was placed into the area of cortex deafferented by the early thalamic ablation to retrogradely label adult
corticocortical connections. Ablated animals displayed a significant increase in the number of corticocortical connections compared to
control animals. The increased connectivity in ablated animals was primarily due to a significant increase in the number of corticocortical
projections arising from non-visual areas. These results demonstrate that an intact thalamocortical projection is necessary for the
development of normal cortical connectivity.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction as the expression of molecular markers
[3,5,13,14,16,20,25,30,32,42]. In mutant mice which lack

The adult mammalian cortex can be divided into a thalamocortical input because of a deficiency in theGbx-2
number of anatomically and functionally distinct areas. A orMash-1 gene, emergence of the expression of molecules
central question in developmental neurobiology is how is strikingly normal, demonstrating that early isocortical
these unique areas arise during development. While it is regionalization is not dependent on extrinsic cues from the
presumed that both intrinsic and extrinsic factors contrib- thalamus [29,32]. However, because the mutants die at
ute to the specification of cortical phenotypes, there has birth, these studies were unable to examine the importance
been a current focus on intrinsic cortical specification [41]. of thalamocortical input in late cortical specialization.
The present experiment addresses the importance of an Evidence that the thalamus is important in maintaining
extrinsic cue, the thalamus, in the determination of cortical the regional differences set up early in development is
phenotype. demonstrated in experiments using thalamic ablations. In

Recent studies show that the cortical plate is region- mice, the fate of cortical cells to postnatally express
alized early in development by intrinsic factors, such H-2Z1, a transgene that delineates layer IV of somato-

sensory cortex, is determined in the ventricular zone [18],
yet neonatal ablations of the somatosensory thalamus
prevent H-2Z1 expression [19]. Likewise, the unique
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from secondary areas are abolished if primary sensory cortex. An insulated electrode with a 0.5 mm exposed
thalamic nuclei are ablated at birth [35]. straight tip or 1 mm exposed bent tip was lowered at a 458

Similar to the unique expression of particular genes and rostral to caudal angle to a depth of 2 mm and current
receptors, it is likely that the development of area-specific (|5.5 mA) was delivered for 7 s using a Grass SD9
patterns of connectivity is dependent on an interaction Stimulator. Pups were then rewarmed and returned to their
between intrinsic and extrinsic factors. Deletion of Otx-1, a mother.
gene that characterizes a subset of cortical layer V cells
during development, alters the normal pattern of subcorti- 2 .2. Tracer injections in adults
cal connections of layer V cells in visual cortex [46].
However, reduction of visual thalamic input to cortex On P30, lesioned animals were reanesthetized with
during development also disrupts the organization of sodium pentobarbital (0.16 cc/100 mg of 50 mg/ml).
subcortical projections from visual cortex [23]. In terms of From 0.1 to 2.0 mg of horseradish peroxidase (HRP;
corticocortical connections, the fate of a subset of layer VI Sigma) was placed into visual cortex presumed to be
cells to postnatally express the protein latexin is deter- deafferented by the early ipsilateral thalamic ablation. The
mined early in the ventricular zone [1]. Nevertheless, the HRP was administered either by injection using a 1ml
probability that cells in lateral cortex will express latexin is Hamilton syringe, by implanting a piece of Gelfoam
later regulated by extrinsic cues [2]. soaked in a 30% solution or by implanting a piece of solid

In the present study, we examined the importance of HRP created from the 30% solution that had dried on a
thalamic input, an extrinsic cue, in the development of glass slide. Following a 3-day survival period, animals
normal corticocortical connectivity. Neonatal visual were perfused transcardially with 0.9% saline followed by
thalamic ablations were employed to reduce visual 1.25% gluteraldehyde and 1% paraformaldehyde in 0.1 M
thalamic input to cortex and HRP injections in visual phosphate buffer (pH 7.4). Brain tissue was recovered and
cortex were used to retrogradely label cells projecting into cyroprotected in a phosphate buffer solution containing
the deafferented cortex. Following visual thalamic abla- 10% sucrose. Each brain was then embedded in gelatin and
tions, we observed a significant increase in corticocortical cut frozen at 40mm in the coronal plane. All sections were
connections, particularly those between visual cortex and saved and reacted with tetramethylbenzidine. Alternate
non-visual areas. tissue sections were stained with neutral red for clear

visualization of HRP reaction product while the remaining
series was stained with cresyl violet or thionin for delinea-

2 . Materials and methods tion of cortical and thalamic cytoarchitecture. Unlesioned
(control) hamsters (P30) also received HRP injections into

Offspring of timed pregnant Syrian hamsters (Mesoc- visual cortex. Control brains were processed in a manner
ricetus auratus) from our breeding colony were used for identical to experimental brains.
the present experiment. Animals were maintained on a
12L:12D photoperiod and fed food and water ad libitum. 2 .3. Subjects
Throughout all experiments, animals were maintained in
strict accordance to the policies and procedures set forth in Out of a total of|40 experimental animals, four
The National Institutes of Health Guide for the Care and lesioned hamsters met the criteria for the subsequent
Use of Laboratory Animals and to the approved regula- analysis of corticocortical connectivity. These criteria
tions of Cornell University (Institutional Animal Use were: (1) the location of the HRP injection in isocortex
Committee). had to match the location of the thalamic lesion. For

instance, only animals with both HRP injections centered
2 .1. Neonatal thalamic ablations on visual cortex and lesions of the visual thalamus were

included in the analysis. (2) Remaining thalamic nuclei
Day of birth (postnatal day 0; P0) hamster pups were had to be recognizable for reconstruction. (3) The HRP

anesthetized by hypothermia and given unilateral elec- injection had to match the approximate size and placement
trolytic ablations targeting the visual thalamic nuclei: of an injection in a control animal. Using these criteria, we
lateral thalamic nucleus (L), dorsal lateral geniculate were able to examine visual corticocortical connections in
nucleus (LGd) and lateral posterior nucleus (LP). Perform- four visually thalamic ablated animals and four non-
ing this procedure on P0 causes thalamic afferents from the lesioned controls.
targeted nuclei to degenerate before the majority of these
fibers have grown into the cortical plate [28,31]. Specific 2 .4. Reconstruction of thalamic ablations
thalamic nuclei may be ablated at P0 withoutdirectly
injuring the isocortex since posterior cortex has not yet Using a projection microscope, visual thalamic nuclei on
grown over the posterior thalamus. A small hole was made the intact side and ablated side (if nucleus was not
in the skull on the dorsal surface behind the developing completely ablated) were outlined in 40mm coronal
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Table 1 to the external medullary lamina and superior thalamic
aPercent of visual thalamic nuclei remaining in lesioned animals radiation. Ablations distorted the general shape of the

Animal L LGd LP thalamus in some subjects. However, remaining thalamic
nuclei retained many of their original characteristics and824.2 100% 56% 73%

755B 100% 25% 56% could be identified on the basis of staining intensity, cell
755A 57% 0% 19% size and density, and relative position. In cases where
806.4 15% 0% 28% remaining thalamic nuclei were unrecognizable, brains
a Volume of lesioned nucleus/volume of intact nucleus. L, lateral were excluded from the analysis.
thalamic nucleus; LGd, dorsal lateral geniculate nucleus; LP, lateral
posterior nucleus. 2 .5. Cell plots

sections of the cresyl violet stained series. Surface area In tissue stained with neutral red, every 10th coronal
measurements were obtained using NIH Image 1.60 (W. section from the hemisphere ipsilateral to the injection site
Rasband, US National Institutes of Health, Bethesda, MD) was drawn and the distribution of corticocortical cells
and nuclear volumes were computed. The unablated vol- retrogradely labeled with HRP was charted. The laminar
ume of each remaining nucleus (L, LGd, LP) on the position of each cell (infragranular versus supragranular) in
lesioned side was then expressed as a percentage of the the different cortical areas was recorded using descriptions
volume of the nucleus on the intact side (Table 1). Given from Caviness [6] and Caviness and Frost [7]. In sections
that the nuclei targeted lie on the dorsolateral surface of containing the HRP injection, we delineated the perimeter
the thalamus, the ablations were readily recognized by of the injection site that included the injection site core and
gliosis and neuronal absence/reduction immediately dorsal a halo of dark HRP reaction product. Retrogradely labeled

Fig. 1. Thalamic damage produced by a unilateral electrolytic ablation at birth. (A) Bright-field photomicrograph of a Nissl-stained coronal section through
the adult thalamus of animal 775B. Note the absence of LGd and LP on the ablated side (right) compared to the unablated side (left). (B)–(D) Schematics
of coronal sections at rostral, medial and caudal levels of the thalamus illustrating the extent of damage for animal 775B. AM, anteromedial nucleus;AV,
anteroventral nucleus; Ce, central nucleus; CL, central lateral nucleus; L, lateral thalamic 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 reticular complex;
Re, reuniens nucleus; S, submedial nucleus; VB, ventrobasal nucleus; VL, ventrolateral nucleus; VM, ventromedial nucleus; VMb, ventromedial, basal
nucleus; R, rostral; C, caudal. Scale bars50.5 mm.
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cells were not charted in the 200mm adjacent to the from V2 in controls, this distinction was not possible in
borders of the injection site to ensure that the cells we lesioned animals due to the significant loss of layer IV cells
plotted were labeled by active transport rather than by [47]. Thus, comparisons in the distribution of cells were
diffusion of HRP. Cell counts were corrected for injection made between total visual cortex (V1 and V2 combined)
site size (see below). and non-visual areas.

Outside of the visual cortices, the cytoarchitecture of
other cortical areas appeared normal in the animals with

2 .6. Reconstruction of injection sites smaller visual thalamic ablations (animals 775B and
824.4). In the animals with large visual thalamic ablations

Each lesioned animal was paired with a control animal (animals 775A and 806.4), thalamic damage encroached
characterized by a HRP injection of similar size and
placement, yet small differences in injection site size
between animals can influence the total number of cells
labeled by HRP. Thus, injection site volumes were calcu-
lated in order to standardize cell counts between animals.
Injection sites were outlined in neutral red stained tissue
using a Leitz Diaplan Microscope connected to Neuro-
lucida 3.0 (Microbrightfield, Colchester, VT). Surface area
measurements were obtained using Morph (Microb-
rightfield) and injection site volumes were computed. Cell
counts for each brain were then multiplied by a correction
factor generated by the standardization of each injection
site volume to the volume of the largest injection. Com-
parisons in the number of labeled cells for the two
experimental groups were made using pairedt-tests.

2 .7. Reconstruction of injected hemispheres

A dorsal view reconstruction of the entire injected
hemisphere was made using measurements from the
coronal sections. The reconstructed hemisphere was then
fitted to a standard dorsal view map of hamster cortex (Fig.
3A; [27,47]) to facilitate visualization of injection site
placement and the distribution of labeled cells. When
fitting the map to the reconstructed hemisphere, adjust-
ments were made to account for the cytoarchitecture of the
reconstructed brain.

The distinction between visual cortical areas and adja-
cent cortices was readily made in both control and lesioned
animals based on the following characteristics: (1) the
presence of a distinct cortical layer IV in parietal cortex
but not in immediately adjacent visual cortex (corre-
sponding 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 presence of small, homogeneously globular
cells in retrosplenial cortex but not in medial visual cortex
and (5) the presence of a well-defined layer IV and
hypocellular layer Vc (but not layer Vb) in temporal cortex
but not in lateral visual cortex.

Fig. 2. HRP label in the adult cortex of a control animal. (A) Bright-fieldIn contrast, the location of the border between primary
photomicrograph of a Nissl-stained coronal section illustrating a repre-

(V1) and secondary visual cortex (V2) was not readily sentative HRP injection in visual cortex. (B, C) Corticocortical cells
identified in lesioned animals. Whereas a well-defined retrogradely labeled with HRP in layer V of secondary visual (B) and
cortical layer IV and hypocellular layer V distinguished V1 retrosplenial (C) cortices. Scale bars5500 mm (A) and 50mm (B, C).
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into non-visual thalamic nuclei located ventral to the visual deafferented hemisphere, compared to the control hemi-
nuclei, thereby affecting the cytoarchitecture of some non- sphere.
visual cortices. Specifically, we observed a decrease in the
thickness of layer IV and VI in the parietal and temporal
cortices ipsilateral to the ablation, compared to these 3 . Results
cortices in the contralateral hemisphere. The thickness of
layer IV in forelimb and hindlimb cortex was also reduced 3 .1. Extent of neonatal thalamic ablations
in the ablated hemisphere. No noticeable differences were
detected in the retrosplenial or frontal cortices of the Thalamic ablations successfully targeted the visual

Fig. 3. The location of HRP injection sites and retrogradely labeled corticocortical cells in control and thalamic ablated hamsters. (A) A dorsal view
representation of normal (left) and unrolled (right) adult hamster isocortex illustrating the cortical parcellation scheme for the present study.(B) Dorsal
view representations showing the combined location of injection sites in visual cortex for control (left) and thalamic ablated (right) animals. (C)
Superimposed composites of HRP-labeled corticocortical cells in control (left) and thalamic ablated (right) hamsters illustrating the relative number and
distribution of cells for each experimental group. Composites were generated from cell plots of coronal sections. The light-gray region representsthe
composite of the injection sites for animals within that experimental group. The black region illustrates the area of overlap for the four injection sites. CG,
cingulate cortex; FL, forelimb of somatic-motor cortex; FR, frontal cortex; HL, hindlimb of somatic-motor cortex; I, insular cortex; P1, parietal cortex 1;
P2, parietal cortex 2; PR, perirhinal cortex; RA, retrosplenial agranular cortex; RG, retrosplenial granular cortex; T1, temporal cortex 1; T2, temporal
cortex 2; T3, temporal cortex 3; V1, primary visual cortex; V2, secondary visual cortex.
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Fig. 4. Comparison of the number of HRP labeled corticocortical cells in control (n54) and experimental animals (n54). Values represent means6S.E.M.
that have been corrected for injection site size. Graph shows comparisons between groups for total number of cells in all areas (P50.026; pairedt-test),
number of cells in visual areas (V1 and V2;P50.078; pairedt-test), number of cells in non-visual areas (CG, FL, FR, HL, I, P1, P2, PR, RA, RG, T1, T2
and T3;P50.013; pairedt-test), number of cells in supragranular layers (P50.278; pairedt-test) and number of cells in infragranular layers (P50.062;
paired t-test).

thalamus, yet the amount of damage to visual thalamic nated from the same cortical areas in lesioned and control
nuclei varied among experimental animals (Table 1). Two animals, however, lesioned animals showed a significant
hamsters with unilateral visual thalamic ablations had increase in the number of labeled corticocortical neurons
complete removal of LGd and substantial damage to L and compared to controls (Fig. 3C and 4). In control animals,
LP while the remaining two animals had|50–75% the majority of HRP cells were located in the visual
removal of LGd and varying damage to LP but not L. An cortices (V1, V2) surrounding the injection site (Fig. 3C).
example of a unilateral visual thalamic ablation is pre- A much smaller number of labeled cells were found in
sented for animal 775B in Fig. 1A–D in which LGd and temporal (T1, T2, T3) and retrosplenial (RA, RG) cortices
LP were reduced to 25% and 56% of their normal size, and in the caudal parts of parietal (P1), frontal (FR) and
respectively. perirhinal (PR) cortices. Lesioned animals, like controls,

had a greater number of labeled cells in visual areas
3 .2. Injection site placements compared to non-visual areas (Fig. 4). However, lesioned

animals showed a significant increase in the number of
Matched HRP injection sites in experimental and control labeled cells in non-visual areas compared to controls (Fig.

animals included V1 and V2. A representative HRP 4). The differences in labeled cells between the two groups
injection in the visual cortex of a control animal is shown were most notable in the cingulate (CG), retrosplenial
in Fig. 2A while Fig. 2B and C show corticocortical (RG), parietal (P1), temporal (T1, T2, T3) and perirhinal
neurons retrogradely labeled from the injection. A compo- (PR) cortices (Fig. 3C).
site of the reconstructed injection sites for control versus The laminar distribution of corticocortical cells did not
experimental brains is presented in the dorsal view maps in change significantly after thalamic ablation (Fig. 4). Like
Fig. 3B (see Fig. 3A for parcellation of the cortical map). control animals, those with ablations had a greater propor-
The combined injection sites for the two groups are tion of labeled cells in the infragranular layers compared to
similar. Injections were tangentially confined to V1 and V2 the supragranular layers (Fig. 4). Most cells contributing to
for all but one control animal (animal 898.4) where the corticocortical connections were identified as pyramidal
halo of HRP had diffused slightly into posterior parietal cells of layers 2/3 and 5 (see Fig. 2B and C). Few labeled
and temporal cortex. cells were detected in layers IV and VI.

In terms of ablation size, the magnitude of increase of
3 .3. Effects of early thalamic ablation on corticocortical labeled corticocortical cells in experimental animals was
connections to visual cortex associated with the severity of visual thalamic damage

(Fig. 5A). Specifically, animals with large thalamic abla-
Corticocortical neurons projecting to visual cortex origi- tions (775A and 806.4) had a greater increase in con-
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thalamic ablation seems unlikely to be due to the stabiliza-
tion of a diffuse projection pattern that is refined during
development. While early experiments have shown that
developing corticocortical pathways are characterized by
transient connections [10,21,24,36], more recent studies
indicate that cortical projections are less exuberant than
previously believed [4,22], and that exuberance is primari-
ly localized to the white matter rather than cortex [37].
Furthermore, we find little evidence of transient innerva-
tion, overextension or retraction of projections following a
detailed analysis of the development of corticocortical
connectivity in the hamster [8].

A reduction of ‘instructive’ sensory input following
thalamic ablation may be responsible for the alteration in
corticocortical connectivity. Perhaps one of the best de-
monstrations that sensory input is ‘instructive’ is illustrated
by cross-modal rewiring experiments in ferrets [44]. In
these studies, patterned visual input rerouted to auditory
cortex via auditory thalamic afferents results in a well-
refined, yet altered, organization of callosal and horizontal
connections in auditory cortex [17,34]. In addition to the
visual topography and visual response properties that
develop in the auditory cortex of rewired ferrets [39,40],
these rewired animals appear to perceive visual stimuli
through the cross-modal pathway [45], suggesting that the
auditory cortex has become ‘visual’ in many regards.

In contrast to the rewiring experiments that alter the
nature of thalamic input to a cortical area, it is unclear how

Fig. 5. Size of thalamic ablation is related to the increase in corticocorti- a reduction in thalamic input alters a cortical area. One
cal projections. (A) Graph shows an association between the percent of possibility is that primary sensory cortex deafferented of
total visual thalamic damage (damage to L, LGd and LP combined) and

its sensory thalamic input defaults to surrounding sec-the percent increase (above values in matched controls) of labeled
ondary sensory cortex. In terms of our results, the increasecorticocortical cells in lesioned animals. (B) Graph shows the amount of

labeled corticocortical cells for animals with small (Sm) versus large (Lg) in corticocortical projections from non-visual areas follow-
thalamic ablations for the various projection categories. Values represent ing thalamic ablation may be due to an areal reduction in
means6S.E.M. that have been corrected for injection site size and are primary visual cortex coupled with a simultaneous expan-
expressed as a percentage of control values.

sion of secondary visual cortex, the latter of which is
normally characterized by substantial connections to

nections (expressed as a percentage of controls) for all parietal and temporal cortices, compared with the former
projection categories (Fig. 5B) compared to those with [26]. In agreement with this hypothesis, enucleation in
small ablations (824.2 and 775B). Interestingly, the two fetal monkeys causes a border shift such that cortex
animals with small ablations had more variable projections normally destined to become primary visual cortex appears
than the two animals with large ablations. to become normal secondary visual cortex following

deafferentation, as defined cytoarchitectonically [12]. Fur-
thermore, rat primary sensory cortices deafferented of early

4 . Discussion sensory thalamic input displayg-aminobutyric acid A
(GABA ) receptor expression very similar to that ofA

Using neonatal visual thalamic ablations, we show that secondary sensory areas [35]. However, other enucleation
thalamic input is an important extrinsic factor in the studies in monkeys examining cytoarchitecture [38] or
development of cortical connectivity. Corticocortical cells cortical enzymatic expression [11] suggest that primary
labeled by a HRP injection in the visual cortex of normal sensory cortex does not necessarily default to secondary
animals were located primarily within the primary and sensory cortex. The discrepancy between these studies
secondary visual cortices, in agreement with previous highlights the importance of examining multiple properties
studies in the hamster [15], rat [26,33] and mouse [43]. In when analyzing a deafferented cortical area.
contrast, labeled corticocortical cells in ablated animals Interestingly, corticocortical connectivity is not the only
were significantly increased in non-visual cortices, such as characteristic to be altered following early thalamic abla-
parietal, temporal, retrosplenial and perirhinal cortices. tion. Related studies have shown that, following visual

The increase in corticocortical projections after early thalamic ablations, deafferented visual cortex also displays
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