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Abstract

Freezing injury to the developing cortical plate results in a neocortical malformation resembling
four-layered microgyria. Previous work has demonstrated that following freezing injury to the
somatosensory cortex, males (but not females) have more small and fewer large cells in the medial
geniculate nucleus. In the first experiment, we examined the effects of induced microgyria to the
somatosensory cortex on neuronal numbers, neuronal size, and nuclear volume of three sensory
nuclei: ventrobasal complex, dorsal lateral geniculate nucleus, and medial geniculate nucleus. We
found that there was a decrease in neuronal number and nuclear volume in ventrobasal complex of
microgyric rats when compared with shams, whereas there were no differences in these variables
in the dorsal lateral geniculate nucleus or medial geniculate nucleus. We also found that there
were more small and fewer large neurons in both ventrobasal complex and medial geniculate
nucleus. In experiment 2, we attempted to determine the role of cell death in the thalamus on these
histometric measures. We found that cell death peaked within 24 h of the freezing injury and was
concentrated mostly in ventrobasal complex. In addition, there was evidence of greater cell death
in males at this age. Taken together, these results support the notion that males are more severely
affected by early injury to the cerebral cortex than females.
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Neuronal migration disorders of the cerebral cortex, such as heterotopias, microgyria,
porencephaly, and lissencephaly, have been associated with a wide variety of disorders
including intractable epilepsy (Meencke and Janz, 1984; Palmini et al., 1991a, b; Crino,
2004), dyslexia (Galaburda and Kemper, 1979; Galaburda et al., 1985), and developmental
delay (Barkovich et al., 1988; Barkovich and Raybaud, 2004). Animal models have been
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developed for many of these neuronal migration disorders. Some of these are the result of
spontaneous genetic mutations, such as the reeler or scrambler mouse (Caviness et al.,
1972; Goffinet, 1984; Sweet et al., 1996; D’Arcangelo et al., 1997; Rice et al., 1998) or the
Tish rat (Lee et al., 1997; Chen et al., 2000), whereas others are induced in otherwise normal
rodents such as by prenatal injection with methylazoxymethanol (Ferrer et al., 1982;
Chevassus-au-Louis et al., 1999) or neurotrophin-4 (Brunstrom et al., 1997).

Malformations have also been induced by mechanical disturbances of the cortical plate.
Thus, focal collections of neurons in the molecular layer can be induced by puncture wounds
at or around birth (Rosen et al., 1992b), and freezing injury to the developing cortical plate
induces malformations that resemble human four-layered microgyria (Dvorak and Feit,
1977; Dvorék et al., 1978; Humphreys et al., 1991; Rosen et al., 1992a; Ferrer et al., 1993;
Marret et al., 1995). These induced malformations have been used to model a variety of
disorders, including epilepsy (Luhmann et al., 1998; Chevassus-au-Louis et al., 1999; Jacobs
et al., 1999a; Jacobs and Prince, 2005) and developmental dyslexia (Humphreys et al., 1991;
Fitch et al., 1994, 1997a; Herman et al., 1997; Rosen et al., 1999; Peiffer et al., 2004).

The effects of these relatively small focal malformations extend beyond the obvious
distortion of the cerebral cortex. Recordings from slices of cortex containing microgyria
induced by freezing injury to the cortical plate, for example, reveal epileptogenic discharges
as far as 2-4 mm away from the malformation (Jacobs et al., 1996, 2000; Luhmann and
Raabe, 1996; Jacobs and Prince, 2005). Using the same model, we and others have
demonstrated a variety of connectional, anatomic, and behavioral alterations associated with
the presence of this type of malformation. For example, both cortico-cortical and thalamo-
cortical connections are disturbed not only in the malformation itself, but in areas both
proximal and distal to it (Giannetti et al., 1999, 2000; Rosen et al., 2000). Anatomically,
induction of microgyria dramatically decreases brain weight and neocortical volume
globally (Peiffer et al., 2003). Microgyria in the somatosensory cortex not only disrupts the
formation of barrel fields in that hemisphere (Jacobs et al., 1999b), but also distorts the
barrel field of the opposite hemisphere (Rosen et al., 2001). Behaviorally, we have reported
that adult and young male subjects with induced microgyria have defects in rapid auditory
processing—a defect also seen in many individuals with language impairment and
developmental dyslexia (Tallal and Piercy, 1974; Fitch et al., 1997b)—when compared with
controls with no malformations. In comparison, adult females with identical malformations
have no difficulty in processing this type of stimuli (Fitch et al., 1994; Clark et al., 2000g;
Peiffer et al., 2004).

Because studies of the brains of individuals with developmental dyslexia had exhibited
changes in cell size in the medial geniculate nucleus (MGN) and dorsal lateral geniculate
nucleus (dLGN) of the thalamus (Livingstone et al., 1991; Galaburda et al., 1994), we
measured cell size in these two nuclei in male and female rats with and without induced
microgyria (Herman et al., 1997). We found more small and fewer large neurons in the
MGN of male microgyrics when compared with their sham littermates. There was no
difference between microgyrics and shams in the females. In addition, there were no
differences in cell size distribution among any of the groups in the dLGN. We further
reported that the difference in the MGN resulted from perinatal effects of gonadal hormones
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—female microgyrics exposed to testosterone in the perinatal period had cell size
distributions in the MGN similar to those of males (Rosen et al., 1999).

These findings raise a number of questions. We have established that damage to neonatal
somatosensory cortex changes cell size distribution in a thalamic nucleus to which it is not
connected, at least during adulthood. What is not yet known is how these changes compare
with those in thalamic nuclei directly connected to the area of injury. Moreover, what effects
might be seen in other thalamic nuclei that do not connect with the somatosensory cortex?
By what process are these changes in thalamic cell size distribution occurring? Is cell death
affecting one neuronal population more than another, or could differences in cell
proliferation, whereby one cell type is affected out of proportion to others, underlie these
differences? In the present study, we first focused on stereologically assessing histometric
features in the thalamus following early somatosensory cortical freezing injury. We
examined effects in a directly connected thalamic nucleus (the ventrobasal complex (VB)), a
nucleus that receives transient developmental connections from the somatosensory cortex
(MGN, Nicolelis et al., 1991), and a nucleus that never connects directly with the
somatosensory cortex under normal conditions (the dLGN). We then examined the patterns
of cell death throughout the thalamus following freezing injury to the developing cortical
plate in an effort to determine the contribution of this variable to the histometric changes.

EXPERIMENTAL PROCEDURES

Two experiments were conducted in this study. Experiment 1 investigated changes in neuron
number, neuron size, and regional volume in three thalamic nuclei following postnatal
freezing injury to the somatosensory neocortex. Experiment 2 investigated cell death in the
thalamus following postnatal freezing injury to the somatosensory cortex. All procedures
involving animal care and experimentation were carried out in accordance with guidelines
provided by the National Institutes of Health and approved by the institutional animal care
committee at Beth Israel Deaconess Medical Center. Care was taken to minimize the
number of animals used, as well as their pain and suffering.

Experiment 1 protocol

Subjects

On postnatal day (P) 1, rats were randomly assigned to receive freezing injury to the
cerebral cortex or to a sham surgery. In adulthood, the subjects were killed, their brains
removed, embedded in celloidin, sliced in the coronal plane, stained with Cresyl Violet, and
every 5th section mounted on glass slides. Using stereologic probes, we estimated the
number of neurons, the sizes of neurons, and the volume of VB, MGN, and dLGN nuclei.

A subset of 24 subjects (six male lesioned, six male shams, six female lesioned, and six
shams) was randomly chosen from subjects of a previous experiment and prepared as
described previously (Rosen et al., 1999). In brief, timed pregnant rats were obtained from
Charles River Laboratory (Wilmington, MA, USA) in the last week of gestation. The
pregnant females were singly housed under a 12-h light/dark cycle and were provided with
food and water ad libitum. On P1, male and female pups were randomly assigned either to
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receive bilateral freezing injury to the somatosensory cortex or to a sham condition. Subjects
were anesthetized by placement on ice for 2 min. A small incision on the scalp was made
midsagittally. For those subjects receiving freezing lesions, a cooled (=70 °C) probe was
placed over the presumptive somatosensory cortex (directly on bregma, approximately 2
mm medial to the sagittal suture) for 5 s. The procedure was repeated on the opposite
hemisphere with a second cooled probe. Animals receiving sham surgery were treated
identically, with the exception that the probe was at room temperature. The incision was
sutured, ink was injected into the footpads for identification, and the pups were warmed
before being returned to their mother.

At P70-100, the subjects were deeply anesthetized (xylazine/ketamine 100 mg/ml) and
killed by transcardial perfusion with 0.9% saline followed by 10% formalin. The brains were
removed from the skull and allowed to post-fix for at least one week prior to embedding.
Afterward, the brains were dehydrated in graded ethanols and embedded in 12% celloidin.
They were then cut in the coronal plane at 30 pum, stained with Cresyl Violet, and every 5th
section was mounted on glass slides with Permount.

Stereological measures

All stereological measures were performed using Stereo Investigator (MBF Bioscience,
Williston, VT, USA). Experimenters were blinded with respect to sex and treatment. Neuron
numbers within each thalamic nucleus were estimated using the optical fractionator probe,
and neuron sizes were determined concurrently with the nucleator probe. Volumes of the
thalamic nuclei were determined with point counting using Cavalieri’s rule. In cases where
there were missing or damaged sections, a piece-wise parabolic estimation was used (Rosen
and Harry, 1990). The parameters for these probes for each of the thalamic nuclei are shown
in Table 1. Section thickness, which ranged from 25 to 36 um, was measured every eight
sections, and this value was used in all computations.

The borders of the thalamic nuclei were determined using a standard stereotaxic atlas as a
guide (Paxinos and Watson, 1986). The ventroposterolateral (VPL) and ventroposteromedial
(VPM) nuclei composed the VB complex in this study, and the MGN measurements
included all its subdivisions (the medial, lateral, and dorsal; Fig. 1). Neurons were
distinguished from glial cells by the presence of a single distinct nucleolus in the nucleus. In
order to be counted, neurons had to be in focus within the disector depth and contained
within the active borders of the counting frame.

Histologic analysis

Nissl-stained sections were examined under a Zeiss Axiophot (Carl Zeiss Microlmaging,
Inc., Thornwood, NY, USA) light microscope with a Ludl Mac5000 motorized stage (Ludl
Electronic Products Ltd., Hawthorne, NY, USA) interfaced to a Dell OPTIPLEX GX260
computer (Dell Computers, Austin, TX, USA) to define the localization of the lesion.
Neurolucida (MBF Bioscience) was used to trace the cortical pial surface from the serial
sections, and lesion localization was visualized by placement onto a flattened map of the
cerebral cortex derived from Zilles (1985), as described previously (Herman et al., 1997).
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Volume of microgyria was estimated in Stereo Investigator using point counting and
Cavalieri’s rule.

Statistical analysis

Data were analyzed using ANOVA, regression, and chi-square techniques on an Apple
Macintosh G4 (Apple Computer, Cupertino, CA, USA) computer using standard statistical
software (JMP and StatView, SAS Institute, Cary, NC, USA).

Protocol experiment 2

We obtained time-mated pregnant Wistar rats from Charles River Laboratories. The
pregnant females were singly housed under a 12-h light/dark cycle and were provided with
food and water ad libitum. On the day of birth, the male and female pups from these subjects
were assigned to receive either freezing injury to the somatosensory cortex (see below) or
sham surgery. The pups were subsequently killed by transcardial perfusion with saline
followed by 4% paraformaldehyde (PFA) at 8, 24, 72, 120, and 168 h after surgery. The
brains were removed, embedded in paraffin, and adjacent series of sections processed for
markers of cell death (TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP-
biotin nick-end labeling), Fluoro-Jade B (FJB)) or with Thionin for Nissl substance. The
distribution and number of degenerating and apoptotic cells in the thalamus were recorded
for each of the subjects. A summary of the number of subjects in this experiment can be
found in Table 2.

Induction of microgyria

Perfusion

Histology

Microgyria were induced in the right somatosensory cortex identically to experiment 1 with
the exception of the duration, which was either 5 or 10 s. Animals from the control group
received sham surgery. Following treatment, the skin was rapidly sutured and subjects
marked with ink footpad injections, warmed under a lamp, and returned to the mother.

Subjects were deeply anesthetized as described for experiment protocol 1 and perfused with
0.9% saline followed by cold 4% PFA. Brains were quickly removed and post-fixed
overnight in the same fixative.

Paraffin embedding—Post-fixed brains stayed for 3 days in 70% alcohol before being
gradually dehydrated in graded ethanol and then immersed in xylene baths for several hours
in an automatic processing machine. The brains were immersed in two changes of paraffin,
oriented along the anterior—posterior axis, and embedded in a histological cassette. They
were then sliced at 10 um on a rotary microtome, and six series of every 20th section were
mounted onto glass slides.

Nissl staining—Sections were deparaffinized in xylene, hydrated through graded ethanol,
rinsed in dH,0 for 2 min before being immersed in 0.05% Thionin for 30 min. Sections
were dehydrated, cleared in xylene, mounted and coverslipped with Permount.
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FJIB—FJB stains for degenerating neurons (Schmued et al., 1997). Sections were
deparaffinized in three changes of xylene for 15 min each and hydrated through 100%
ethanol for 5 min before being placed in 1% NaOH/ethanol solution for 5 min. This was
followed by 2 min in 70% ethanol. Sections were then rinsed in dH20 for 2 min and
agitated on a shaker in 0.06% KMnQy4 for 10 min. The sections were then rinsed in dH20
and stained in FJB working solution (0.004%) for 20 min. Sections were rinsed in dH,0,
dried, cleared in xylene, mounted and coverslipped with DPX mounting media. When the
slides were dry, they were sealed with Permount.

TUNEL—TUNEL stains for cells dying through mainly apoptotic mechanisms (Gavrieli et
al., 1992). Sections were deparaffinized in three changes of xylene for 15 min each. Sections
were then hydrated through graded alcohols and dH,0 over 15 min. The sections were
placed in proteinase K (20 pg/ml) in 10 mM Tris-HCI pH 7.4 for 20 min at 37 °C. Sections
were rinsed in two changes of phosphate-buffered saline (PBS) before being placed in a
permeabilization solution (Triton 100X 1% in 0.1% potassium citrate) for 2 min at 4 °C.
After two PBS washes, the TdT+kit (F. Hoffmann-La Roche Ltd., Basel, Switzerland) buffer
mixture (1 pl of enzyme for 9 pl of nucleotides buffer) was placed on the slide (150 —250 pl/
slide), which then incubated at 37 °C for 1 h. The slides were then washed in PBS,
dehydrated through dH,0O and graded alcohols, cleared in xylene and mounted with DPX
mounting media. When the slides were dry, they were sealed with Permount.

Analysis—Nissl-stained sections were examined as described above (see Histologic
Analysis), and lesion location at each age was plotted on a flattened map of the cortex.
Volume of microgyria was estimated in Stereo Investigator using point counting and
Cavalieri’s rule. The contour of sections cut at the level of the thalamus was drawn using
Neurolucida, after visualizing the sections with a Microfire (Optronics Inc., Goleta, CA,
USA) digital camera. These contours were subsequently aligned to the FJB-and TUNEL-
stained slides to define the localization of the stained cells.

FJB- and TUNEL-stained sections were examined under fluorescence throughout the entire
extent of the thalamus. FJB also stains vascular elements (Schmued et al., 1997). These cells
differed in brightness and structure and were ignored. FJB-positive profiles were counted
throughout the thalamus, and their positions charted using Neurolucida. Experimenters were
blind with respect to sex and treatment. To assess reliability, a second observer recounted
six brains.

Statistical analysis

Data were analyzed using ANOVA and multiple regression techniques on a Macintosh PPC
computer using JMP and StatView as described under experiment protocol 1.

Image manipulations

Photomicrographs were adjusted for exposure and sharpened (unsharp mask filter) using
Adobe Photoshop (Adobe Inc., San Jose, CA, USA). Image montages were created in
Canvas X (ACD Systems, Miami, FL, USA).
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RESULTS

Experiment 1

Histology—As expected, freezing injury to the developing cortical plate resulted in a
malformation resembling four-layered microgyria (Dvorék et al., 1978; Humphreys et al.,
1991; Rosen et al., 19923, see Fig. 2A). These malformations were located predominantly in
the somatosensory cortex, including Parl, HL, and FL (Fig. 2B). There was no evidence of
neocortical damage in the sham subjects. There were no differences in lesion size between
males and females (mean+S.E.M.=19.1+2.7 mm3 vs. 17.7+2.2 mm3, respectively, t<1, ns).

There is a decrease in neuron number in the VB complex—The results of the
estimates of neuron number are summarized in Fig. 3. The coefficient of error for the optical
fractionator estimation of neuron number for all nuclei ranged from 0.06—.12 and averaged
0.085. In VB, an ANOVA with Sex (male vs. female) and Treatment (microgyria vs. sham)
as independent measures and neuron number as the dependent measure revealed a
significant effect of treatment (F1 20=26.5, P<0.001). Examination of the means indicated
that there was a decrease of about 28% in neuron numbers in the subjects with microgyria
when compared with shams. There was no main effect of Sex (F1 20<1, ns), nor was there
any interaction between Sex and Treatment (F1 59<1, ns) indicating that this decrease in
lesioned subjects was similar for males and females (Fig. 3A). In contrast, there were no
differences in neuron number in either the MGN or dLGN (see Fig. 3A), and there were no
significant main effects or interactions for either of the dependent variables in either of these
two nuclei.

The volume of VB is decreased in subjects with microgyria—The results of the
estimation of volume of the thalamic nuclei are summarized in Fig. 3B. The coefficient of
error for estimating volume using Cavalieri’s rule ranged from 0.026 —.058 for all nuclei and
averaged 0.038. In VB, an ANOVA with Sex and Treatment as independent variables and
regional volume as the dependent measure revealed a significant effect of Treatment
(F1,20=14.3, P<0.01) and no other main effects or interactions (F1 20<1, ns in both cases).
The volume of VB in subjects with microgyria was, on the average, 25% less than that of
shams. In contrast, there were no differences in the volumes of MGN or dLGN between
microgyric and sham subjects.

Sexually dimorphic differences in cell size in VB and MGN, but not in dLGN—
In previous work, we failed to demonstrate significant differences in mean neuronal size in
the MGN between treatment groups. Instead, we demonstrated differences in the distribution
of neuron sizes. As expected, therefore, ANOVA with Sex and Treatment as independent
variables and neuron size as the dependent measure did not reveal any significant main
effects or interactions in either VB or dLGN. We did, however, find a significant effect of
Treatment (F1 20=7.1, P<0.05) and a Sex times] Treatment interaction (F1 20=6.8, P<0.05) in
the MGN (Fig. 4).

To determine the neuron size distribution, we placed adjacent ranges of neuronal sizes into
bins for each group and performed a chi-square analysis. As in previous work, we set a
highly conservative alevel (0.0001) to reject the null hypothesis. In VB, there were more
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small and fewer large cells in males with microgyria as compared with shams (32=55.3,
df=13, P<0.0001). In females, there were no significant differences between the microgyric
and sham subjects (2=27.6, df=13, ns; Fig. 5A). This same sexually dimorphic pattern was
seen in the MGN, with microgyric males having more small and fewer large neurons than
shams (42=199.1, df=13, P<0.0001), whereas there were no significant differences within
females (;2=28.8, df=13, ns; Fig. 5B). In the dLGN, no significant differences were seen
between microgyric and sham subjects in either males (42=27.7, df=13, ns) or females
(44=37.6, df=13, ns; Fig. 5C).

Experiment 2

Histology

Experiment 1 suggested that freezing injury to the somatosensory cortex results in decreased
volume and neuron numbers in VB, but not in MGN or dLGN. However, such injury does
lead to differences in cell size distribution, which is sexually dimorphic, in both the MGN
and the VB complex. In experiment 2, we sought to determine whether thalamic cell death
following freezing injury to the presumptive somatosensory cortex contributed to these
findings.

As expected, there was no evidence of damage in sham-operated subjects. We assessed the
extent of damage of the brains taken from subjects killed at 8, 24, and 72 h after the freezing
injury (Fig. 6). As has been reported previously (Rosen et al., 1992a; Rosen and Galaburda,
2000), freezing injury to the developing cortical plate results in a distinct area of necrosis
that kills the underlying neurons. This is apparent in the subjects killed both 8 and 24 h after
the freezing injury. By 72 h, the extent of the necrotic area has decreased, and the
beginnings of the formation of the microgyric region can be seen.

We plotted the location of the damaged regions on flattened maps of the neocortex, and
found no differences in the region of cortical destruction between males and females at any
age (Fig. 7). As expected, there was a greater percentage of cortical plate damaged in the 8 h
subjects than in those killed at 72 h, because of subsequent brain growth. There was no
difference in the volume of microgyria between males and females at 8 h (mean
+S.E.M.=3.02+0.27 mm3 vs. 3.14+0.33 mm3, respectively, F1 7<1, NS), 24 h (mean
+S.E.M.=2.32+0.28 mm3 vs. 2.05+0.17 mm3, respectively, F1 50<1, NS), and 72 h (mean
+S.E.M.=1.61+0.16 mm3 vs. 1.67+0.19 mm?, respectively, F1 53<1, NS).

Cell death in the thalamus and cortex occurs within 72 h after injury

Gross examination of the TUNEL- and FJB-stained sections revealed that there were few, if
any, TUNEL- or FJB-positive profiles in subjects killed 120 and 168 h after freezing injury.
These 10 subjects comprising this time period were excluded from the analysis. The
somatosensory cortex and the thalamus of the remaining subjects were surveyed for the
presence of FJB- and TUNEL-stained cells. As expected, there was little TUNEL or FJB-
positive staining in the sham subjects. Examination of animals with freezing injury revealed
dense regions of TUNEL- and FJB-positive profiles in the lesioned somatosensory cortex
(Fig. 7A, B). In contrast, there were relatively few TUNEL-positive profiles in the thalamus
at any of the ages examined, whereas intense FJB-positive staining was observed (Fig. 7C,
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D). The lack of TUNEL-positive profiles indicated that there was relatively little apoptotic
cell death in the thalamus, and suggested that the overwhelming majority of cell death in the
thalamus was the result of degeneration. We therefore only counted FJB-positive profiles in
the thalamus, thereby deriving a relative measure of both apoptotic and degenerative cell
death.

Most dying cells in the thalamus are located in VB

We counted the number of FJB-positive profiles throughout the thalamus in both lesioned
and sham subjects. There were two distinct types of FIB-positive profiles observed in the
thalamus: large (=10 um diameter) and small (<3 um diameter); see Fig. 8A). We cannot
determine exactly what these different size profiles represent, but because they may
represent differential aspects of neuronal cell body or neuropil degeneration, they were
counted separately. Thus, for each subject the numbers of large and small profiles were
recorded (Fig. 8B).

Of the lesioned brains, there were two female subjects killed at 24 h that had no FJB-
positive profiles in the thalamus, and they were removed from the analysis, leaving 53
lesioned subjects. Surveying the thalamus of these lesioned brains revealed that each subject
had large numbers of FIB-positive profiles in VB. In contrast, there were only six subjects
with FJB-positive profiles outside of this nucleus. These profiles were located in the MGN
(two subjects), lateral posterior nucleus (four subjects), dLGN (two subjects), and one
subject each in laterodorsal, reticular, and anteroventral nuclei (some subjects had FJB-
positive profiles in more than one nucleus). As a result, we only quantified the number of
FJB-positive profiles in VB. The numbers of FJB-labeled profiles in VB were counted in six
subjects by two investigators. The results were within 10% of one another, and the reliability
coefficient was 0.91.

There is an increase in FIB-positive profiles in the VB complex of subjects with microgyria

The mean numbers of FJB-positive cells in male and female lesioned and sham subjects
(irrespective of age of kill) are summarized in Table 3. We performed a series of ANOVAs
with Treatment (Sham vs. Microgyria) and Sex as independent measures and the number of
large and small FJB-positive profiles as dependent measures. There was a significant effect
of Treatment for large and small FIB-positive profiles (F1 57=4.4, P<0.05; F1 57=7.7,
P<0.01, respectively), with the number of profiles an order of magnitude greater in subjects
with freezing lesions as compared with sham subjects. There were no main effects of Sex,
nor any SexxTreatment interactions for any of the dependent measures.

There are significant effects of age and sex on the number of FIB-positive profiles

To examine the effects of sex and age of kill in the lesioned subjects, we performed
additional ANOVASs with Sex and Age (8 h, 24 h, and 72 h) as independent measures and
the number of profiles (large, small, and total) as dependent measures. There were no
significant effects of Age (F,47=2.1, ns), Sex (F2 47<1, ns) or their interaction (F, 47=1.1,
ns) for large FIB-positive profiles (Fig. 9A). In contrast, there was a significant main effect
of Age in the number of small profiles (F, 47=7.6, P<0.01). Post hoc tests indicated that
there were significantly more small profiles at 24 h than at either 8 h or 72 h post-injury
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(Fisher PLSD, P<0.01; Fig. 9B). There was also a main effect of Sex for this dependent
measure (F1 47=4.1, P<0.05). Post hoc analysis one-way ANOVAs at each age indicated a
significant Sex effect only at 24 h (F 19=5.6, P<0.05), with males having significantly
greater numbers of small profiles than females. There was no significant SexxAge
interaction (F2 47=2.1, ns).

DISCUSSION

There are differential effects on sensory nuclei of the thalamus following freezing injury in
the first day of life to the presumptive somatosensory cortex of the rat. In the directly
connected VB, there is a significant decrease in neuron number as well as nuclear volume in
the male and female subjects with lesions when compared with shams. In contrast, there
were no changes in lesioned subjects in neuron numbers or nuclear volume in MGN or
dLGN, the other two sensory thalamic nuclei examined. Both VB and MGN showed
sexually dimorphic alterations of cell size distribution: There were more small and fewer
large cells in male subjects with microgyria as compared with sham littermates. This
difference was not apparent in the dLGN, nor was it seen in females in any of the three
nuclei.

Examination of the patterns of cell death in the thalamus following early damage to the
presumptive somatosensory cortex using FJB revealed that the overwhelming majority of
necrotic cell death in the thalamus occurs in VB. The number of FJB-positive profiles
peaked at 24 h after the injury, and there were no FIB-positive profiles in the thalamus after
72 h. There was an intriguing sex difference in the number of small profiles in the 24 h
group, with females having significantly fewer FJB-positive profiles than males. The best
interpretation of this finding is that large neurons are dying out of proportion in males
compared with females.

Neuron numbers in the thalamus

The optical fractionator probe provides accurate and unbiased estimates of cell number
(Gundersen, 1986; Gundersen et al., 1988), and the coefficients of error computed in the
present study support this contention. The numbers of neurons in the MGN and dLGN
match those from our previously published data (Herman et al., 1997), which employed 3-D
counting instead of an optical fractionator (Williams and Rakic, 1988). There are
surprisingly few studies that have used unbiased stereology to examine cell number and
volume in the thalamus for comparison to the current results. As part of a larger study on
subcortical auditory nuclei in rats, the number of neurons in the MGN was measured by
Kulesza et al. (2002). They reported an average of 72,000 neurons in the MGN of female
rats, which is fewer than what we report here (~110,000). The number of neurons in the
dLGN has been estimated to be around 40,000 (Diaz et al., 1999), which again is smaller
than the numbers we have obtained (~75,000). Stereological estimation of the number of
neurons in VB has yet to be reported, although Luczynska et al. (2003) estimated the
number of neurons in VPL to be approximately 14,000 in adult rat.

There are methodological differences that prevent direct comparison between the results
reported here and those previously published. In the case of the MGN and VPL, the
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investigators based their estimations on frozen sections, which are not optimal for the optical
fractionator due to nonuniform compression of cells in the z axis (Gardella et al., 2003) and
are inferior to celloidin-embedded sections for that reason. In the case of the dLGN, it is
unclear whether the investigators estimated neurons from both hemispheres in their paraffin-
embedded sections. In addition, these investigators did not employ an optical fractionator
and their results cannot be considered unbiased. Validation of the numbers derived in this
study, therefore, awaits replication using comparable probes and material.

In previous work, we have examined issues related to neuron number and size in the MGN
and LGN following injury to the somatosensory cortex. Although there is no difference in
neuron numbers in MGN between lesioned and sham subjects, we have repeatedly found
more small and fewer large neurons in the MGN of male, but not female, subjects sustaining
a freezing injury to the somatosensory cortex (Herman et al., 1997; Rosen et al., 1999;
Peiffer et al., 2002). We have also demonstrated that there is no difference in the volume of
the MGN between lesioned and sham subjects. That the results of the current study replicate
these previous results is not surprising given that the subjects used here are a randomly
chosen subset of those used in one of the previous studies (Rosen et al., 1999). In this study,
however, we used strict unbiased stereologic principles to both estimate neuron number and
measure neuron size, which increases confidence in the results. Previously published results
on the effects of microgyria on the dLGN are also replicated in the current experiment
(Herman et al., 1997) with a completely independent set of subjects.

The morphometric results in VB in the current experiment are reported for the first time.
Unlike the MGN and LGN, there is a significant decrease in neuron numbers in both sexes.
This is not a surprising result, as VB has direct connections to the somatosensory cortex, and
loss of cells in this nucleus due to axonal damage and resultant retrograde degeneration is
expected. Similarly, the significant decrease in VB volume is not surprising. We have seen a
similar decrease in nuclear volume and neuron numbers in the dLGN following freezing
injury to the occipital cortex (Herman et al., 1997).

What was unexpected, however, was the sexually dimorphic change in cell size distribution
in VB that is identical to that seen in the MGN. In both thalamic nuclei, male subjects with
freezing injury to the somatosensory cortex have more small and fewer large cells than their
sham counterparts, whereas there is no difference among females. These results suggest that
changes in neuron size distribution are dissociable from those in neuron number and nuclear
volume, whereby the former is seen in both VB and MGN, and the latter is seen only in VB.
Thus, it would appear unlikely that the same degenerative mechanisms that decrease neuron
number and nuclear volume are also responsible for the changes in neuron size distribution.
This conclusion is supported by pattern of cell death in the MGN following early injury to
the neocortex.

The role of cell death in the thalamus following early injury to the cortex

Surveying the thalamus for FIB-positive profiles in the period after early freezing injury to
the presumptive somatosensory cortex of the rat reveals that the overwhelming majority of
profiles are located in VVB. Evidence of degeneration in the thalamus peaks within 24 h of
the injury, and decreases to background levels 4 days later. When small profiles are
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considered, we find intriguing sex differences, with males having a greater number of
profiles than females 24 h after injury. In order to interpret these results, however, it is
necessary to consider what the distinct profiles we measured may indicate.

FJB is a marker of both apoptotic and necrotic degenerating neurons in the CNS, although
its precise mechanism of action is not known. FJB-positive activity can be seen in all aspects
of degenerating neurons, including cells bodies, dendrites, axons, and terminals and does not
label glial cells in the CNS (Schmued et al., 1997). We determined that FIB-positive profiles
could be grouped into two distinct categories: large and small profiles. “Large” profiles most
likely represent degenerating neuronal cell bodies, while “small” profiles are likely
degenerating neuropil. We did not see significant effects of Age or Sex in the large profiles,
although there was a trend (F1 19=3.9, P=0.062) to more large profiles in males at 24 h, but
there were significant effects of Age and Sex in the number of small profiles. Taken
together, we interpret these findings to mean a greater loss of large neurons in males than
females.

Alternatively, it could be that there is a difference in the rate of clearance between the sexes.
In this case, the increase in the number of small profiles by the males would be indicative
not of greater large cell death in males but rather of a faster clearance of degenerating
neurons in females. In previous work, although there were macrophages present 24 h after
the injury, the heaviest concentration of macrophage activity did not occur until 48 h later
(Humphreys et al., 1991). Moreover, we did not note any sex differences in macrophage
activity at either of these ages. However, the present study did not assess macrophage
activity, and, although we consider clearance differences unlikely, we cannot exclude that
possibility.

Sexually dimorphic effects of early injury

There are a variety of sex differences in the response of the thalamus to early injury to the
cerebral cortex. We have previously reported that there are more small and fewer large
neurons in the MGN of male, but not female, subjects with freezing injury of the developing
cortical plate (Rosen et al., 1997, 1999; Peiffer et al., 2002). In the current experiment we
have extended these results to include the VB nucleus. We have previously reported that
male rats with induced microgyria have defects in rapid auditory processing (Fitch et al.,
1994, 1997a; Clark et al., 2000a,b; Peiffer et al., 2001, 2003, 2004), suggesting that these
changes in the thalamus have functional consequences. In the current experiment, we report
that there are significantly more FIB-positive profiles in VB at 24 h in males when
compared with females. What is important to emphasize in all these cases is that the extent
of cortical damage is identical between male and female. This suggests that the female
thalamus is better protected against the effects of early damage.

There is evidence from the human literature to suggest that the consequences of perinatal
brain injury are more severe in males than in females. For example, Raz et al. (1995)
examined the cognitive abilities of boys and girls who had sustained similar perinatal
intracranial hemorrhages, and found that males were more severely impaired. Similar data
were reported for infants with respiratory distress syndrome when examined between 5 and
6 years of age (Lauterbach et al., 2001). In this case, females had a significant cognitive
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advantage over males, especially in non-verbal tasks. There is also a significant male—
female difference in the cognitive ability of extremely low birth weight infants at 2 years of
age, with females having less cognitive impairment (Hindmarsh et al., 2000). Taken
together, these results support the contention that the male brain responds more poorly to
early injury than the female brain.
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Abbreviations

dLGN dorsal lateral geniculate nucleus
FJB Fluoro-Jade B
MGN medial geniculate nucleus
P postnatal day
PBS phosphate-buffered saline
PFA paraformaldehyde
TUNEL terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick-end labeling
VB ventrobasal complex
VPL ventroposterolateral nucleus of the thalamus
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Fig. 1.
Delineation of the VB (A), the MGN (B), and the dLGN (C). Scale bar=500 pm.
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(A) Photomicrograph of a typical neocortical malformation following freezing injury to the
developing cortical plate. In comparison to the normal six-layered cortex (right), the
malformation consists of a sulcus (arrow), and four layers. Layer i is contiguous with the
molecular layer. Layer ii is contiguous with layers 11111 of the intact neocortex. Layer iii is
the lamina dissecans, and consists of the remnants of the cortical plate that is damaged by
the freezing injury. Layer iv, when present, is contiguous with the subplate (layer VIb).
Arrowhead indicates a layer ii dysplasia. Scale bar=500 um. The lower half of the figure is
flattened maps of the neocortex illustrating regions of damage of the left and right
hemisphere of male and female rats used in the experiment 1.
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Fig. 3.
(A) Mean (xS.E.M.) number of neurons in the VB, MGN, and dLGN nuclei of the thalamus

in male and female rats either with microgyria (dark bars) or shams (white bars). In VB,
both male and female subjects with microgyria have significantly fewer neurons than their
sham counterparts. There are no significant differences in neuron number in other thalamic
nuclei. (B) Mean (xS.E.M.) volume of thalamic nuclei in subjects with and without induced
malformations of the somatosensory neocortex. The volume of VB is significantly decreased
in both male and female subjects with microgyria (dark bars) when compared with shams
(white bars). There are no significant differences in volume in MGN or dLGN.

Neuroscience. Author manuscript; available in PMC 2014 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

ROSEN et al.

Fig. 4.
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Mean (£S.E.M.) neuron size in VB, MGN, and dLGN of male and female subjects either
with (dark bars) or without (white bars) microgyria. The size of neurons in male subjects
with microgyria is significantly smaller in MGN.
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Fig. 5.
Frequency histograms of neuronal size in lesioned (black) and sham (white) male and

female subjects. In VB and MGN there is a significant difference in distribution of cell sizes
in males, with there being more small and fewer large neurons in subjects with microgyria.
There are no significant differences in cell size distribution in the dLGN. Asterisks indicate
bins with significant contributions to the chi-square.
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Fig. 6.
Photomicrograph of freezing lesion and flattened map of lesion location for 8 h (panel A),

24 h (panel B), and 72 h (panel C) subjects. Arrowheads indicate border of lesioned area.
Scale bar=500 pm.
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Fig. 7.
Fluorescence photomicrographs of FIB-positive and TUNEL-positive profiles. (A) FIB-

stained profiles in a lesioned area of the neocortex (arrowheads define medial and lateral
border). (B) Section adjacent to panel A stained for TUNEL (arrowheads define medial and
lateral border). (C) FJB positive profiles in the VB nucleus of the thalamus (arrowheads
define lateral border). (D) Section adjacent to panel C stained for TUNEL (arrowheads
aligned with panel C). Scale bar=250 pm.
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* Small Profile
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Fig. 8.

(A) FIB-stained profiles in VB. Arrowheads denote large profiles, while arrows denote
small profiles. Scale bar=25 pm. (B) Tracing from neurolucida of large (black circles) and
small (gray circles) profiles in VB from one section.
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Fig. 9.

Mgan (£S.E.M.) number of large and small profiles in VB of female (dark bars) and male
(white bars) subjects with microgyria. (A) There were no significant differences in large
profiles. (B) There are significant main effects of Sex and Age in the number of small
profiles, with an increased number of profiles in the 24 h group. There is a sex difference at
this age with females having fewer profiles than males.
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Table 2

Subjects in experiment 2

Group Duration Age N

Male Female
Microgyria 5 8 4 4
Microgyria 5 24 7 9
Microgyria 10 24 2 2
Microgyria 5 72 9 6
Microgyria 10 72 4 6
Microgyria 5 120 2 2
Microgyria 5 168 4 4
Summary 32 33
Sham 5s 24 1 3
Sham 5s 72 3 1
Summary 4 4
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Table 3
FJB-positive profiles in VB
Microgyria Sham
Female Male Female Male

Large profiles  287.7+79.5 332.44#57.4  43.0+7.2  46.0+5.8
Small profiles  537.1+76.2 918.5+179.9 33.5+14.2 24.8+3.8

Values are means+SEM.
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