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Abstract

Research suggests that the medial dorsal nucleus (MD) of the
thalamus influences pyramidal cell development in the pre-
frontal cortex (PFC) in an activity-dependent manner. The
MD is reciprocally connected to the PFC. Many psychiatric
disorders, such as schizophrenia, affect the PFC, and one of
the most consistent findings in schizophrenia is a decrease
in volume and neuronal number in the MD. Therefore, un-
derstanding the role the MD plays in the development of the
PFC is important and may help in understanding the pro-
gression of psychiatric disorders that have their root in de-
velopment. Focusing on the interplay between the MD and
the PFC, this study examined the hypothesis that the MD
plays a role in the dendritic development of pyramidal cells
in the PFC. Unilateral electrolytic lesions of the MD in Long-
Evans rat pups were made on postnatal day 4 (P4), and the
animals developed to P60. We then examined dendritic mor-
phology by examining MAP2 immunostaining and by using
Golgi techniques to determine basilar dendrite number and
spine density. Additionally, we examined pyramidal cell den-
sity in cingulate area 1 (Cg1), prelimbic region, and dorsolat-
eral anterior cortex, which receive afferents from the MD.

Thalamic lesions caused a mean MD volume decrease of
12.4% which led to a significant decrease in MAP2 staining in
both superficial and deep layers in all 3 cortical areas. The
lesions also caused a significant decrease in spine density
and in the number of primary and secondary basilar den-
drites on superficial and deep layer pyramidal neurons in all
3 regions. No significant difference was observed in pyrami-
dal cell density in any of the regions or layers, but a nonsig-
nificant increase in cell density was observed in 2 regions.
Our data are thus consistent with the hypothesis that the MD
plays a role in the development of the PFC and, therefore,
may be a good model to begin to examine neurodevelop-
mental disorders such as autism and schizophrenia.

Copyright © 2013 S. Karger AG, Basel

Introduction

Normal development of the cerebral cortex is depen-
dent upon reciprocal connections with the thalamus, and
the close association between the medial dorsal nucleus
(MD) and the prefrontal cortex (PFC) initiates early in
development. The cortical plate differentiates from a
densely packed zone of immature cells into laminae re-
sembling future cortical layers [1]; axons from early post-
mitotic neurons of the cortical subplate pioneer the path-
way from the cortex toward subcortical targets, prior to
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neurons from cortical layers V and VI migrating into po-
sition [2]. By postnatal days 4 and 5 (P4 and P5), layer V
can be distinguished from the upper cortical plate con-
taining the elements to become layers IT and III. The first
evidence of retrograde labeling from the PFC to the MD
becomes apparent at this time [1]. The arrival of the MD
afferent fibers in the upper cortical plate precedes the
completion of layer III differentiation, occurring on days
P9-10 [1]. The predominant thalamic input to the PFC is
from the MD, also known as medial thalamus, though
medial prefrontal area 32 also makes extensive connec-
tions with the medial pulvinar [3, 4]. Afferents from the
MD synapse on spines and dendritic shafts of pyramidal
cells in the PFC [5], and myelination of the axons from
the MD to the PFC occurs approximately in the second
decade of life [6]. Developmental maturation of PFC neu-
rons is activity dependent [7, 8] and calcium dependent;
an early lesion of the MD could, therefore, result in ab-
normal development of the PFC. In particular, a decrease
in thalamic input to the PFC may result in a decrease of
calcium-mediated stimulation of dendritic remodeling.
The afferent input from the MD to the PFC is primarily
excitatory. Binding of glutamate to the NMDA receptor
causes an influx of calcium, which triggers the release
of calmodulin from the calcium-binding protein neuro-
granin [9], allowing calmodulin to bind to calcium. The
calcium-calmodulin complex can activate calmodulin-
dependent protein kinase (CaMK) II [9], CaMK, and
CaMK I and IV [10]. CaMK II has been shown to be
important in controlling spine formation [11], as well
as neuronal arborization both pre- and postsynaptically
[12-14]. CaMK II phosphorylates MAP2, which in turn
promotes dendritic branching. Dephosphorylation of
MAP2 by calcineurin promotes dendritic elongation [15-
17]. Thus, changes in proteins involved in calcium signal-
ing due to a loss of excitatory input may lead to changes
in dendritic arbors and spines, which are critical to neu-
ronal function, leading to possible alterations in the inte-
gration of synaptic inputs, and thus information transfer
between cells can be altered [14]. Much evidence suggests
that neurodevelopmental disorders occur as a result of an
imbalance between excitation and inhibition [18]. There-
fore, a decrease in cell number and volume in the MD
may result in a loss of innervation to the PFC, which
would result in loss of dendrites and spines and a loss of
synaptic surface area which could result in an imbalance
in excitation and inhibition. These deficits could be re-
sponsible for dysfunction of the PFC found in several dif-
ferent disorders such as schizophrenia, autism and atten-
tion deficit disorder.
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Research has shown that lesions of the MD have pro-
duced a variety of deficits of working memory in rats [19,
20]. Deficits of spatial working memory [21] and visual
recognition [22] are seen in monkeys similar to that ob-
served in schizophrenia. Several studies showed altera-
tions in working and short-term memory in adult rats
following early NMDA receptor inhibition in the MD
[23-28, for review see 29]. The above studies suggest that
an early lesion of the MD or PFC can alter behavior in an
adult. To determine if an early developmental insult to
the MD leads to altered dendritic development of cortical
pyramidal cells, we examined 3 rat PFC regions at day
P60 that receive projections from the MD according to
Gabbott et al. [30]: (1) prelimbic region (homologous to
human area 32), (2) dorsolateral anterior cortex (homolo-
gous to Brodmann area 24b) [30] and (3) cingulate area 1
(Cgl) following a unilateral lesion at P4. It may be argued
that a unilateral lesion may yield confounding results
from the risk of commissural communication and from
the absence of MD medial separation by ventricles [31,
32]. However, MD innervation of the PFC is unilateral
[33, 34], and dendrites of MD neurons are confined to the
nucleus and to within the segment of the MD where they
arise [35-37]. Some thalamic afferents synapse onto cal-
losal cells [35-37], and only 3% of corticothalamic affer-
ents project contralaterally to anterior cingulate areas
[34]; therefore, cross-fiber contamination may be negli-
gible. Our data suggest that the development of the PFC
may indeed be related to levels of excitatory input from
the MD.

Experimental Procedure

Lesion Protocol

Timed-pregnant Long-Evans rats were obtained from Jackson
Laboratories, and the day of birth was designated as P0. The sur-
gery was performed on P4. P4 was chosen because in rats medio-
dorsal afferents first arrive at the PFC between P1-7, and the re-
ciprocal afferents from the PFC back to the thalamus develop dur-
ing P4-9 [1]. We believe that altering communication between the
thalamus and the PFC during the period of brain development
when they can impact each other may give a better understanding
of whether normal development of the PFC depends on intact tha-
lamic inputs. Because only 3% of corticothalamic afferents project
contralaterally, we believe there is minimal risk of cross-fiber con-
tamination, so we did not have a sham-operated control group and
each animal was therefore its own control. Rat pups were anesthe-
tized with an intraperitoneal injection of ketamine (75 mg/kg)
plus xylazine (6-8 mg/kg). The scalp was reflected to expose the
skull, and a small opening was made over the appropriate brain
region. Because the skull had not ossified, scissors were used to cut
an opening for the electrode to penetrate the brain. Preliminary
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Fig. 1. Photomicrographs of rat MD in P14 control (left) vs. lesioned (right) hemispheres. The MD in the rat is
bounded by the intermedullary lamina. Scale bar = 500 pwm.

experiments showed the MD at P4 to be located 4.8 mm rostral to
lambda and 0.75 mm lateral to the midline. A tungsten-in-glass
microelectrode was inserted 6 mm deep into the right hemisphere
at this location, where a current of 5 wA (tip negative) was passed
for 3 s. The coordinates were determined by measurements from
nonlesioned rats stained with thionin and compared to the atlases
of Paxinos et al. [31] and Paxinos and Watson [32]. To determine
if the lesion was confined to the MD, we examined the thalamus
at P14 following a lesion at P4 (fig. 1). We determined that the co-
ordinates were accurate, and the lesion was confined to the MD.
The pups received an electrolytic lesion in the thalamus of one
hemisphere; the right MD was lesioned while the left was left in-
tact. The incisions were closed, and the pups were returned to the
mother and allowed to survive to P60. At this time, the pups re-
ceived an overdose of sodium pentobarbital and were perfused
transcardially with 0.9% saline followed by phosphate-buffered
4% paraformaldehyde. The brains were postfixed in situ over-
night. Following postfixation the brains were then removed from
the skull and exposed to increasing gradients of sucrose solution
in phosphate-buffered saline (PBS) for cryoprotection, after which
serial coronal 50-pwm-thick frozen sections through the cortex
were cut on a sliding microtome. Every section was collected to be
processed for either immunohistochemistry or histological stain-
ing. The sections were stored in a cryoprotectant at =70°C until
they were processed for either thionin or immunohistochemistry.
The lesions and analysis were performed by the same person.
Analysis of sections was not done blindly, but the same material
was analyzed independently by several members of the laboratory
with similar results, suggesting no bias.

Areas of Interest

Prefrontal Cortex

In the adult rat the PFC extends from the frontal poles to the
rostral end of the corpus callosum. The prelimbic area (homolo-
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gous to human area 32) is on the midline just dorsal to the pedun-
cular cortex and rhinal fissure and ventral to area Cgl [31]. The
dorsolateral anterior cortex is dorsal and lateral to area Cgl [31].
We referred to Paxinos et al. [31] and Paxinos and Watson [32] to
locate the gross borders of the prelimbic area. To distinguish the
cytoarchitectural borders of the prelimbic and dorsolateral ante-
rior cortex, we used criteria from Gabbott et al. [30] and Paxinos
et al. [31]. All sections were counterstained with thionin to deter-
mine cytoarchitectural boundaries. Cgl is completely dysgranu-
lar whereas the prelimbic region has a very thin layer I'V. All of the
sections that contained the prefrontal regions were used for im-
munohistochemistry.

MD of the Thalamus

The MD is easily distinguished in thionin-stained sections.
Eighty percent of its boundary is formed by the intermedullary
lamina, which encircles the MD. The remaining boundary is
formed by the paraventricular nucleus (fig. 2). Using these bound-
aries we determined the location of the MD on the sham-lesioned
side as well as the lesioned side.

Histological Procedures

Sections were stained using thionin to better differentiate ar-
eal and laminar boundaries, to determine MD volumes and to
perform cell counts both in the MD and the PFC. The slides were
mounted and defatted by increasing gradients of ethyl alcohol,
exposed to xylene for 10 min, and then rehydrated and stained
with thionin. Sections were then dehydrated, cleared and cover-
slipped.

MAP2 Immunohistochemistry

An antibody from Chemicon (Temecula, Calif., USA) was used
specifically for MAP2, and MAP2,, which correspond to the two
high molecular weight forms found in the adult brain. Sections
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Fig. 2. Photomicrographs of rat MD in P60 control (left) vs. le-
sioned (right) hemispheres. The MD in the rat is bounded by the
intermedullary lamina (IML). Scale bar = 500 pm. PVP = Poste-
rior paraventricular nucleus.

were removed from the cryoprotectant and washed in PBS 3 times,
then pretreated with 3% hydrogen peroxide for 10 min to remove
any endogenous peroxidase. Sections were again washed 3 times
with PBS, followed by 1 h incubation in a blocking solution of 4%
instant milk in PBS (BLOTTO) with 0.2% Triton X. Following the
blocking procedure, sections were incubated in a primary anti-
body in a 1:500 dilution overnight on an orbital shaker. The next
day the sections were washed with PBS and treated with a biotinyl-
ated anti-mouse secondary antibody (Vector Laboratories, Burlin-
game, Calif., USA) solution diluted 1:100 for 1 h. After 3 PBS wash-
es, the sections were treated with a tertiary solution (ABC kit; Vec-
tor Laboratories) to allow for greater sensitivity and decreased
background staining, followed by a standard diaminobenzidine
reaction to visualize the label. The sections were then mounted on
slides, dehydrated, defatted and coverslipped. Following area frac-
tion analysis, the coverslips were removed and the sections were
counterstained with thionin for neuron density measurements.

Golgi Method

The frontal cortex anterior to the bregma was severed from the
more caudal portion of the brain. Frontal cortices were wrapped
in clean gauze and immersed in 100 ml of Golgi solution. Both the
Golgi solution and gauze were changed after 24 h, followed by ex-
tended 12-week incubation in the dark. After impregnation, the
tissue was dehydrated through increasing gradients of alcohol fol-
lowed by 3-day incubations in serial celloidin. The tissue was put
in paper boats and allowed to harden in chloroform. Twelve per-
cent Parlodion was added to the paper boats, and the boats and
tissue were stored for 3-24 h until hardened, after which 200-pm-
thick serial sections were cut on a vibratome and collected in 70%
alcohol. The sections were washed in distilled water, incubated in
19% NH,OH for 30 min, and rinsed again in water. They were
then fixed in Kodak Rapid Fix, followed by a final wash in distilled
water. The sections were dehydrated in graded ethanol starting at
50%, defatted in toluene, mounted onto slides and coverslipped.
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Quantification of the MD Volume

The material was quantified using a Bioquant image analysis
system interfaced with an Olympus AX70 microscope and a Sony
3-chip color camera. The area of the MD was determined for each
slide by drawing a contour around the nucleus. The specimen
thickness was calculated as an average of three randomly selected
slides. Slides were chosen by determining the total number of
slides available for analysis and dividing them into three equal
groups. The first slide was chosen using a randomized start deter-
mined by the image analysis program. The second slide was de-
termined by equal spacing from the first slide, and the third slide
was determined by equal spacing from the second. MD volume
was then obtained by multiplying the summed nuclear area by
section thickness and the number of sections through each nucle-
us. Volumes of lesioned nuclei were compared to controls to cal-
culate percent variation. Because we lesioned only one hemi-
sphere (the right) we used the left as a control; thus each animal
acted as its own control. Only brains that met the criterion of an
MD lesion =9% were included in the MAP2 analysis.

Quantification of Cell Density in the MD and PFC

Cells were counted in four randomly selected thionin sections.
Slides were chosen in the same manner as that for the MD volume
measurements. Contours were traced around the selected region,
and a counting grid was superimposed on the contour. Every
third intersection was marked, with a random start, so that 30%
of the intersections were marked. A counting box of 100 X 100
pm was centered at the marked intersections. Counting was done
using a 40X objective under oil. Cells were counted if they had a
distinguishable nucleolus, except for those touching the exclusion
lines. Neuron density was determined by dividing the average
number of cells per box by the volume of the counting box. The
volume of the disector was calculated as the product of the area of
the counting frame and the average thickness of the section cor-
rected for shrinkage. The estimate of the total number of neurons
in the MD was determined as the average neuron density of four
randomly selected sections multiplied by the total nucleus vol-
ume. The neuron density in the PFC reflects the density of the
pyramidal cells in layers II-IIT and V.

Area Fraction of MAP2

We measured area fraction in both superficial and deep layers
in the regions of interest in the PFC. Every section was included
in the analysis, thus removing bias from selecting the sections that
stained best with MAP2 and allowing for a more accurate assess-
ment of the brain region. The thalamic measurements were not
done blindly, but the MAP2 area fraction measurements were
shared between two investigators, one of whom was blinded.

Within a defined sampling box, area fraction refers to the ratio
of the area occupied by MAP2 immunostaining to the total area
of the box. The sampling box is a square with each side equal to
the width of the lamina. Bioquant software was employed to select
pixels within the sampling box that matched threshold criteria for
MAP2-positive immunostaining. The threshold was set at the lev-
el that selected the lightest stained cell bodies and dendrites with-
out selecting background staining. The setting for illumination
was kept constant throughout the analysis. The computer out-
lined and added the threshold areas and determined the ratio of
the stained area to the total area of the sampling box. Eight sam-
pling boxes were examined per section (4 within deep layers and
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4 within superficial layers). The 4 sampling boxes were taken con-
secutively as long as there were no histological artifacts in the tis-
sue and the lamina could be determined. If there were artifacts in
the tissue, then the box was placed at the next straight edge after
the artifact to avoid distortion due to round pial edges. Area frac-
tion was averaged for all sampling boxes within a particular lam-
ina for each brain.

Basilar Dendrite Counts

A Bioquant image analysis system interfaced with an Olympus
AX70 microscope connected to a Ludl motorized stage and a
SONY 3-chip camera was used to count the number of primary
and secondary dendrites. A contour was drawn to outline each
lamina separately in each of the regions of interest in the PFC. A
counting grid was placed inside the contour, and the computer
randomly selected half of the intersections to be measured with a
counting box of 100 X 100 wm placed inside the marked grids.
The dendrites of the cells within the grid that met the criteria were
counted using a 40X Plan Apo objective under oil. Basilar den-
drites of the selected neurons were counted, even if they extended
beyond the boundaries of the counting box. Twenty cells per lay-
er per region were assessed for each brain.

Spine Density

A Bioquant image analysis system interfaced with an Olympus
AX70 microscope connected to a Ludl motorized stage and a
SONY 3-chip camera was used to count the number of primary
and secondary dendritic spines. A contour was drawn to outline
each lamina separately in each of the regions of interest in the
PFC. A counting grid was placed inside the contour, and the com-
puter randomly selected half of the intersections to be measured
with a counting box of 50 X 50 wm placed inside the marked
grids. The spines on the primary and secondary branches off the
somata within the grid, which met the criteria, were counted us-
ing a 100X Plan Apo objective under oil. Dendritic spines of the
selected neurons were counted even if the basilar dendrites ex-
tended beyond the boundaries of the counting box. Ten cells per
layer per region were assessed for each brain.

Sholl Analysis of Spine Density

Five neurons per layer per cortical region were traced for each
brain. The soma was traced first, followed by every single basilar
dendrite with its primary and secondary segments. Every spine
emanating from the primary and secondary segments was traced.
While the dendritic processes were traced on a 2-dimensional
model, the software registered the 3-dimensional coordinates for
every point allowing an exact virtual reconstruction of the den-
dritic tree. To assess the complexity of the dendritic tree, Sholl
analysis was performed using Neurolucida and Neuroexplorer
software. For this task, concentric shells at equidistant spaces
were generated around the center of the soma, and the number of
intersections of the dendritic segments within each shell was
counted.

Statistical Analysis

The principal comparisons made are between lesioned and
unlesioned brain hemispheres. Because specimens were immu-
nostained in matched pairs, the data were analyzed by paired t
tests. Two-tailed probabilities were employed to test the hypoth-
esis that a lesion of the MD would cause a change in MAP2 im-
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munostaining in the PFC following a lesion of the MD at P4. Our
data showed a decrease in MAP2 area fraction analysis, and there-
fore subsequent analysis employed one-tailed probabilities testing
the directional hypothesis that an early postnatal lesion of the MD
would cause a decrease in basilar dendrites and spines. Data are
reported as means * standard deviation. To determine the reli-
ability of area fraction analysis, an intraclass correlation was per-
formed on the means from the raw data of the control population
from the schizophrenic study [38]. An intraclass correlation ex-
amines the reliability of a method. Data from every control brain
(n=7) wereincluded in the calculation. Our intraclass correlation
was 0.90, which suggests a high correlation and reliability of the
methods, suggesting that area fraction is a reliable measure of im-
munostaining.

Results

MD Volumes and Cell Counts

MD nuclei of 5 animals were lesioned for the MAP2
study. The lesions ranged in size from 4.1 to 23.4% com-
pared to the opposite hemisphere (fig. 2, 3). Our criterion
for including brains in this study was based on lesion size.
In human studies, schizophrenic MD volume decreases
ranged from 8 to 25%. To more closely mimic human
schizophrenia studies, we chose to include brains whose
lesions fell within that range [3, 39-44]. Brains with MD
lesions smaller than 9% were not used in the study; there-
fore, R20, whose lesion was less than 9%, was excluded
from further study. Each animal was used as its own con-
trol; therefore, paired t tests were used to determine sig-
nificance comparing left and right thalami. Brains with
lesions =9% had a significant average decrease of 12.4%
(control = 0.0366 mm?, lesion = 0.0321 mm?, p = 0.00009,
t = 21.7). The same 4 brains were used to determine cell
loss in the MD due to the lesion. The MD is a defined nu-
cleus allowing for accurate cell counts. There was a sig-
nificant 11% decrease in total cell number in the MD (con-
trol = 45,889.35, lesion = 40,912.6, p = 0.04, t = 2.6) for the
brains examined in the MAP2 study (fig. 3). For the Golgi
study we analyzed the brains of 9 animals that had re-
ceived an electrolytic lesion to the MD in the right hemi-
sphere. The lesions ranged in size from 0.89 to 17.64%.
Brains with lesions smaller than 9% were not used in the
study; therefore, R28, R31 and R35, with corresponding
lesions of 8.13, 5.26 and 0.89%, were excluded from further
study. The mean MD volume was decreased by 14.82% as
a result of the lesion (fig. 3). The 6 brains were examined
for cell loss in the MD due to the lesion. Figure 3 shows
that there was an average decrease in total cell number of
23.43% (control: 4,947.5 * 1,539.7 vs. lesion: 3,719.4 *
976.4, p = 0.0044, t = 4.92) for the brains examined.
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mals showed a decrease in volume and cell number in the MD at P60 following a lesion of the MD at P4. * Significant difference.

Fig.4. Example of MAP2 immunostaining
in P60 prelimbic cortex in unlesioned (a)
and lesioned (b) hemispheres following a
unilateral MD lesion at P4. The pial sur-
face is to the right in each panel.

MAP?2 Area Fraction

Three PFC regions were examined in P60 rats for
changes in MAP2 expression following an MD lesion at
P4 (fig. 4, 5). Paired t tests were used to determine sig-
nificance. We examined superficial layers (deep layer II
and layer III) and deep layers (layer V) using area fraction
analysis. While area fraction analysis does not directly
measure changes in expression of the protein, it does
measure differences in staining patterns and the amount
of stain in a given cell population, which suggests loss of
protein or alterations in the rate of expression of the pro-
tein. Our results suggest loss of MAP2, a protein ex-
pressed in dendrites and spines, and our Golgi data con-
firm loss of dendrites and spines. In the prelimbic area
there was a significant 26% decrease in MAP2 immuno-
staining in the superficial layers (control = 0.023, lesion =
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0.017, p = 0.03, t = 3.27). In the deep layers there was a
significant 34.7% decrease in MAP2 immunostaining
(control = 0.023, lesion = 0.015, p = 0.0028, t = 6.59). In
the dorsolateral anterior area there was a significant 28%
reduction in MAP2 immunostaining in the superficial
layers (control = 0.025, lesion = 0.018, p = 0.04, t = 2.96).
There was a similar 26% reduction in the deep layers
(control = 0.023, lesion = 0.017, p = 0.006, t = 6.22). In Cgl
there was a significant 28.6% reduction in immunostain-
ing in the superficial layers (control = 0.021, lesion =
0.015, p = 0.0034, t = 6.22). There was a similar 27.3% sig-
nificant reduction in immunostaining in the deep layers
(control = 0.022, lesion = 0.016, p = 0.008, t = 4.898). Two
brains, RL1 and RL3, did not have a lesion, and there was
no difference in area fraction between the left and right
side.
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cortex there were 24.24% fewer primary dendrites in le-
sioned hemispheres than in controls (control: 4.62 *
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Fig. 6. Histograms showing the average pyramidal cell density in
the deep layers in the 3 PFC regions examined. There was no dif-
ference in density in any of the regions in control (filled bars) vs.
lesioned (open bars) hemispheres. PL = Prelimbic; DL = dorsolat-
eral; CG1 = cingulate cortex 1.
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Fig. 7. Photomicrograph of Golgi staining at P60 control (a) vs.
lesion (b) following a unilateral lesion of the MD at P4.

0.73, lesion: 3.5 = 0.36, p = 0.0059, t = 4.59; fig. 8). The
difference in the deep layer was not as pronounced,
14.55%, but was still significant (control: 4.4 + 0.73, le-
sion: 3.76 * 0.85, p = 0.016, t = 3.57; fig. 8). The loss of
secondary dendrites was more pronounced compared to
the primary dendrites. There was a 40.46% decrease in
the superficial aspect (control: 7.76 % 0.53, lesion: 4.62
+ 0.36, p = 0.000043, t = 13.2; fig. 8), and a 30.04% de-
crease of secondary basilar dendrites in the deep layer
(control: 7.19 * 0.61, lesion: 5.03 = 0.5, p = 0.00021, t =
9.54; fig. 8).

In the prelimbic area there was a significant 25%
(control: 4.72 * 0.81, lesion: 3.54 + 0.37,p =0.0031,t =
5.35) and 24.84% (control: 4.71 * 0.72, lesion: 3.54 *+
0.33, p =0.002, t = 5.790) decrease in primary dendrites
in the superficial (fig. 8) and deep layers, respectively
(fig. 8). As seen in the dorsolateral anterior region, the
secondary dendrites showed a more prominent differ-
ence across both layers: 39.70% for superficial cells (con-
trol: 7.28 £ 1.24,lesion: 4.39 % 0.61, p =0.0016,t=6.19;
tig. 8) and 31.84% for cells found in the deep cortex (con-
trol: 7.13 £ 0.81, lesion: 4.86 = 0.76, p = 0.0015, t = 6.3;
fig. 8).

Cgl showed similar reductions in basilar dendrites;
the number of primary dendrites was decreased by 25.31%
(control: 4.82 * 0.79, lesion: 3.6 = 0.37, p = 0.008, t =
4.89) in superficial layers and by 23.06% (control: 4.77 *
0.998, lesion: 3.67 * 0.4, p =0.022, t = 3.66; fig. 8) in deep
layers, while there were substantially fewer secondary
dendrites in lesioned hemispheres: 39.74% in superficial
(control: 7.7 £ 0.48, lesion: 4.64 £ 0.40, p = 0.00016, t =
13.74) and 34.41% in deep (control: 7.73 % 1.07, lesion:
5.07 £ 0.44, p = 0.0012, t = 8.16; fig. 8), mirroring the ef-
fects found in the previous cortical region.
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PFC Dendritic Spines

The spines on primary dendrites were significantly re-
duced for superficial and deep layers of Cgl: 53.4% (con-
trol: 26.1 * 9.36, lesion: 12.16 * 2.72, p = 0.03, t = 3.31)
and 28.6% (control: 22.26 * 7.80, lesion: 15.86 * 5.15,
p = 0.048, t = 2.82), respectively (fig. 9). Prelimbic super-
ficial (control: 21.78 £ 7.37,lesion: 15.03 £ 5.21,p = 0.06,
t = 2.4263) and deep (control: 21.35 * 8.38, lesion: 12.5
+ 4.079, p = 0.21, t = 1.4481), and dorsolateral anterior
superficial (control: 15.4 * 5.912, lesion: 10.95 * 1.302,
p=0.12,t=1.8837) and deep (control: 12.92 * 2.9, lesion:
11.4 * 2.112, p = 0.078, t = 2.2121) cortical regions dis-
played tendencies towards decreased primary dendritic
spines but did not reach statistical significance (fig. 9).

Spines on the secondary dendrites were significantly
reduced in the lesioned hemisphere versus the intact side
for all 3 cortical regions and evident in both superficial
and deep layers. In the prelimbic cortex, secondary den-
dritic spines showed a decrease across both layers: 32.4%
for superficial cells (control: 90.52 * 11.041, lesion: 61.17
* 5.694, p=0.0003, t = 9.1562) and 46.2% for cells found
in the deep cortex (control: 97.03 * 17.12, lesion: 52.21 *
9.874, p = 0.0006, t = 7.8088). In the Cgl, there were sub-
stantially fewer secondary dendritic spines in lesioned
hemispheres: 46.6% superficially (control: 100.32 *
27.94, lesion: 53.6 £ 4.76, p = 0.013, t = 4.25) and 46.91%
deep (control: 101.4 * 34.66, lesion: 53.83 = 8.35, p =
0.021, t = 3.69). This pattern of decline was also seen in
the dorsolateral anterior cortex, where there were consid-
erably fewer secondary dendritic spines in the lesion
hemispheres: 37.2% decrease in the superficial aspect
(control: 118.8 % 5.705, lesion: 74.08 * 4.68, p =0.00006,
t=12.099), and 41.6% decrease in the deep layer (control:
101.1 * 6.818, lesion: 59.28 * 4.015, p = 0.00016, t =
10.174; fig. 9).

Sholl Analysis: Spine Density

To better understand the alterations in spine density,
we examined the density of spines versus the distance
from the soma. Using Sholl analysis, somata, with radiat-
ing primary and secondary basilar dendrites, were traced
for neurons in the superficial and deep layers of all 3 PFC
regions. The pooled Sholl curve of the pyramidal neurons
from the lesion hemisphere was located markedly below
the Sholl curve of cells from the control side, at each dis-
tance from the soma (fig. 10). The statistical significance
of the reduction in spine density was assessed for proxi-
mal segments (when the radius of the concentric shell in-
tersecting the dendritic tree was 20 wm) and for distal
segments (radius = 60 pm). Cells analyzed at 20 um in
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ers following a lesion at P4. The data show a decrease in both pri-
mary and secondary basilar dendrites in all 3 regions in the lesion
vs. the controls. PL = Prelimbic; DL = dorsolateral; CG1 = cingu-
late cortex 1. * Significant decrease.

Cgl in superficial layers showed no significant decrease
in spine density (control: 0.125 £ 0.057, lesion: 0.098 *
0.079, p =0.135, t = 2.41). At 60 pm there was a significant
38.5% decrease in spine density (control: 0.41% 0.153, le-
sion: 0.324 * 0.178,p =0.03, t = 3.27). In deep layers both
proximal and distal segments showed significant de-
creases in spine density. At 20 pm there was a 40% de-
crease in spine density (control: 0.1004 * 0.078, lesion:
0.04 £ 0.038, p = 0.004, t = 4.92). At 60 pm there was a
significant 37% decrease in spine density (control: 0.441
* 0.13, lesion: 0.276 £ 0.1, p = 0.00004, t = 13.2). Cells
analyzed in the prelimbic region in superficial layers
showed significant decreases in spine density at both 20
and 60 wm. At 20 wm there was a significant 47% de-
crease in spines (control: 0.1207 £ 0.069, lesion: 0.064 *+
0.055,p=0.004, t =4.92). At 60 pm there was a significant
37.47% decrease in spine density (control: 0.483 * 0.14,
lesion: 0.302 % 0.18, p=0.001, t = 7.17). In the deep layers

MD Influences Dendritic Development
of Pyramidal Cells in the PFC

Fig. 9. Histograms showing the mean number of spines on pri-
mary and secondary dendrites in all 3 regions. The data show a
decrease in spines on secondary basilar dendrites in all 3 regions
lesions vs. controls. PL = Prelimbic; DL = dorsolateral; CG1 = cin-
gulate cortex 1. * Significant decrease.

the prelimbic region showed no significant decrease in
spines at 20 wm (control: 0.092 *+ 0.054, lesion: 0.067 *
0.055, p=0.15,t= 1.19). However, at 60 wm there was a
33.66% decrease in spine density (control: 0.413 *+ 0.13,
lesion: 0.274 %+ 0.13, p = 0.001, t = 7.17). Cells analyzed at
20 pwm in superficial layers of the dorsolateral anterior
cortex showed a significant 38% decrease in spine den-
sity (control: 0.128 % 0.076, lesion: 0.079 £ 0.056, p =
0.012, t = 3.54). Cells at 60 pm showed a significant 38%
decrease in spine density (control: 0.451 * 0.18, lesion:
0.28 = 0.19, p = 0.001, t = 7.17). In the deep layers there
was no significant difference in spine density at 20 um
(control: 0.099 % 0.072, lesion: 0.08 = 0.06,p=0.17,t =
1.08), while at 60 um there was a significant 22% decrease
in spine density (control: 0.366 * 0.12, lesion: 0.284 *
0.15, p = 0.03, t = 3.31). Thalamic inputs to the PFC are
found on apical and basilar dendrites and their spines on
pyramidal cells in layers III and V, more specifically on

Dev Neurosci 2012;34:463-476 471



0.6
* *
z $
2 = 04 ¢ t
T 3
{=
° 5 t .
© 7 0.2+ %
= ?
[] % %
o]
0 A d T T T T T T T T ]
0 10 20 30 40 50 60 70 80 90 100
Distance from soma (um)
PL superficial layer
0.6
% *
*
2 I I S
c ~ 04+
I . {
3
3 & $ 3 §
£ g % *
L
§ = 02+ <}
= 3 %
[s] § §
O $ T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Distance from soma (um)
DL superficial layer
0.6 4
*
IR
c ~ 04 E {
L e
S E 0
23 g ¢ ? u
3 £ } {
w Q
§ % 02+ ° %
= 5 % %
0 T 1 T I T T 1 I I 1
0 10 20 30 40 50 60 70 80 90 100

Distance from soma (um)
CG1 superficial layer

Mean spine density Mean spine density

Mean spine density

(spines/pm)

(spines/pm)

(spines/pm)

® Control

067 o Lesion
* *
0.4 3 (3R} i M
*
: 3 $
;3 Y@ }
0.2+ g § § %
s 2
a
0 L4 T T T T T T T T |
0 10 20 30 40 50 60 70 80 90 100
Distance from soma (um)
PL deep layer
0.6
* *
0.4
i ¢ 8 ¢ [
3 e 9 % i ol
0.2 ¢ }
5 :
8 2 9
O g T T T T T T T T 1
0O 10 20 30 40 50 60 70 80 90 100
Distance from soma (um)
DL deep layer
0.6
% * * *
*
0.4 [) bt }
* *
: ;
5 23 t
0.2 s 2 %
: 7
[
o
0 hd T T T T T T T T 1
0O 10 20 30 40 50 60 70 80 90 100

Distance from soma (um)
CG1 deep layer

Fig. 10. Sholl analysis showing spine density vs. distance from the soma. The data show that spine loss was great-
est in the distal segments of the dendrites compared to the proximal segments comparing lesion vs. controls.

PL = Prelimbic; DL = dorsolateral.

472

Dev Neurosci 2012;34:463-476

Marmolejo/Paez/Levitt/Jones




thinner basilar dendrites, suggesting that they would be
found further from the soma as dendrites taper as they
get further from the soma of pyramidal cells [35-37]. Our
data suggest that the loss of spines is found within the
zones of the MD afferent input to the cortical regions ex-
amined.

Discussion

Our results suggest that an early postnatal lesion of the
MD leads to disruption of dendritic development of the
pyramidal cells in the PFC regions connected to the MD.
Following a lesion at P4, we found significant decreases
in MAP2 immunostaining, number of dendrites and
spine density in the 3 PFC regions innervated by the MD.
The observed decreases appear to be unrelated to a loss
of cells in the PFC as seen by no change in cell density in
any of the regions examined. The lesions observed were
large enough to suggest loss of input as seen in the volume
decrease and in the number of cells lost due to the lesion.
The loss of immunostaining is not correlated with the
size of the lesion, suggesting that a minimum number of
afferents is required for the development of the pyrami-
dal cells and that once lost the effect does not increase.
Further studies will be needed to determine if this is so.
Thalamic afferents synapse on pyramidal cells in layers
I1I and V, which may account for the effect on both layers
[35-37, 45]. Our decision to perform the lesion at P4 was
based on the study by Kolb and Cioe [46], showing that
early cortical lesions cause morphological and behavioral
changes but lesions after P7 cause no long-term effects in
either morphology or behavior. Furthermore, Volk and
Lewis [47] found no differences in GADG67 in the PFC fol-
lowing a lesion of the MD during puberty. Gizerian et al.
[48] showed that an intraperitoneal injection of a neuros-
teroid at P5 caused a decrease in cell number in the MD
in adults, but an injection at P2 did not. Additionally, Van
Eden [1] showed that thalamocortical afferents arrive at
the cortex before corticothalamic afferents arrive at the
thalamus, suggesting that thalamocortical afferents may
help specify a region. While P4 is the time when the adult
pattern of lamination and connectivity is present in most
rat cortical regions, this is not so for the PFC; these pro-
cesses are still ongoing at P8 [1]. Myelination of long fiber
tracts occurs late in the first postnatal week [1], and neu-
rotrophin-3 expression, a marker for the primary targets
of the thalamic innervation, appears in layer III at this
time [49]. These data suggest that there is a critical win-
dow during development in which thalamic changes

MD Influences Dendritic Development
of Pyramidal Cells in the PFC

could influence PFC development and adult function;
our choice of P4 falls within this window. Normal activ-
ity in afferents innervating the PFC appears to be re-
quired for normal PFC development and neuronal func-
tion. Van Eden [1] lesioned the MD on the day of birth,
but the only observed change in the cortex was a decrease
in cortical width in certain regions at P35 and a mild be-
havioral impairment in adulthood on a spatial delayed
alternation task. They might have observed only subtle
anatomical changes because of the relatively young age at
which they sacrificed the animals. Data suggest that ma-
nipulations prior to P7 have permanent lasting results
that persist in adulthood. Manipulations that occur after
P7 do not cause similar problems, suggesting that the ma-
nipulations have little or no effect on the development of
that cortical region [46].

Research has shown that dendritic maturation appears
to be dependent upon synaptic activity [50]. Deafferenta-
tion causes many changes in the target regions, leading
to loss of dendrites and reduction in neuropil [50]. Much
of dendritic development occurs postnatally in rodents,
and our lesion occurred at a time prior to myelination of
the axons from the MD to the PFC and prior to the final
development of the region. While the MD does have con-
nections to the contralateral PFC, those connections are
minimal, and we do not believe that they would have an
affect on the opposing cortex. A limitation of the present
study is a lack of sham-operated controls. Future studies
will include this control group to determine if the opera-
tion has an affect on the developing cortex.

During central nervous system development, the tha-
lamic afferents arrive at the developing cortex and enter
the subplate prior to the birth of their primary target cell
layer [30, 34, 35, 50-53]. For most cortical areas, layer IV
is the primary target for thalamic afferents; however, in
dysgranular cortices such as areas 9, 10 and 32 in humans
and Cgl, prelimbic and dorsolateral anterior cortex in
rats, there is a very small layer IV, and the thalamic af-
ferents have a dense input in layers II-IIT and also layer V
[35-37]. The excitatory projections from the thalamus to
the cortex synapse primarily on layer IIT and layer V api-
cal dendrites and thin basilar dendrites, suggesting distal
segments of the basilar dendrites [35-37]. Thalamic af-
ferents may aid in the development of the cortex and,
more specifically, in the activity-dependent process of
dendritic pruning [8, 54-57]. In addition to thalamic af-
ferents, GABAergic cells play a crucial role in pyramidal
cell function. GABAergic cells can deinactivate dendritic
voltage-sensitive channels, suggesting that they may
prime dendrites for depolarizing input [58-62] as well as
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hyperpolarizing pyramidal cells, thus playing a role in
controlling neuronal excitability. Neurons adapt their
neuritic field to maintain a particular level of bioelectric
activity [8, 54-57]. Changes in the perceived activity of a
cell, therefore, may be reflected in the number and length
of dendritic branches. Once the level of bioelectric activ-
ity is set, changes in activity around the cell cannot alter
neuritic morphology further [8]. Electrical stimulation or
depolarization has been shown to increase neurite out-
growth. These effects are dependent on the influx of ex-
tracellular calcium [63-65]. The rate of growth cone ex-
tension is dependent upon an optimal level of intracel-
lular calcium, and if calcium levels fall below this level
growth cones will stop elongating or retract [63-65]. If
the level of intracellular calcium is lowered, this will ar-
rest axonal outgrowth and stop net addition of dendrites
and dendritic branches, at least in part, by inhibiting the
polymerization of actin. Our data suggest that loss of the
MD input during the first postnatal week leads to loss of
dendrites and spines whose development is activity de-
pendent.

Much data suggests that schizophrenia, like autism
and attention deficit disorder, has its origins rooted in
development [18]. Loss of innervation of the MD to the
PFC may account for the morphological changes ob-
served in schizophrenia, and these changes may be due
to alterations in calcium signaling. Calcium influx leads
to release of neurogranin from calmodulin, which then
binds to calcium, forming the calcium-calmodulin com-
plex. This complex in turn activates CaMK II, which
leads to a cascade of events with one of the outcomes be-
ing phosphorylation of MAP2. Phosphorylation of MAP2
leads to stabilization of microtubules and dendritic for-
mation. Thus, lowered levels of intracellular calcium dur-
ing development could lead to the changes in neuronal
morphology that have been observed in schizophrenia.
Data from our laboratory have shown a decrease in MAP2
[38] and in the number of basilar dendrites [66] and
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