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Abstract
Considerable evidence based on the study of post-mortem brain tissue suggests deficits in both
neuronal and myelin systems in schizophrenia (SZ). To date, most (may be “the majority of the”?)
biochemical and molecular biological studies have focused on the cerebral cortex. Most information
traveling to or from the cortex is relayed or synaptically gated through the thalamus, and numerous
studies suggest structural and functional abnormalities in interconnected regions of the thalamus and
cortex in SZ. The present study extends our gene expression studies of neuronal and myelin systems
to the thalamus. Quantitative PCR was employed to assess the expression of 10 genes in 5 divisions
of the thalamus which were precisely harvested using laser capture microdissection. The divisions
studies were present on coronal sections at the level of the centromedian nucleus (CMN) taken from
14 schizophrenic and 16 normal control postmortem brains. The genes examined were specific for
oligodendrocytes (MAG, CNP, MBP), neurons (ENO2), glutamatergic neurons (VGlut1, VGlut-2,
PV, CB) or GABAergic neurons (GAD65, GAD67). Expression levels for each of these markers
were quantitated and compared between diagnoses, between sexes, and across nuclei. CB was much
more highly expressed in the CMN in SZs compared to NCs. No other diagnosis related differences
in gene expression were observed. The expression levels of CNP and MAG, but not MBP, were
highly correlated with one another and both, but not MBP, were much more highly expressed in
females than in males in all thalamic divisions examined. All markers were differentially expressed
across nuclei.
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1. INTRODUCTION
The thalamus is of interest in psychiatric disorders because its component nuclei provide links
for multiple functional circuits that convey information to and from most regions of the cerebral
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cortex. Because pathology in a particular brain region may induce both structural and functional
abnormalities in its fields of projection (Bleier 1969), thalamic pathology might be expected
to accompany disorders, including schizophrenia (SZ), that involve cortical anomalies.
Structural and functional abnormalities have been described in multiple cortical regions in SZ,
particularly in the prefrontal cortex (Benes et al. 1991;Gur et al. 2000;Heckers et al.
2000;Lehrer et al. 2005;Lewis et al. 2001;Selemon et al. 1995;Selemon et al. 1998) and in the
anterior cingulate cortex (Benes et al. 1991;Dracheva et al. 2006;Haznedar et al. 2004;Stark
et al. 2004). Abnormalities have also been described in prefrontally projecting thalamic nuclei
in SZ by studies that employed a variety of postmortem and in vivo anatomical and functional
techniques (Popken et al. 2000;Buchsbaum et al. 1996;Danos et al. 2003;Gilbert et al.
2001;Hazlett et al. 2004;Highley et al. 2003;Young et al. 2000;Byne et al. 2001;Byne et al.
2006;Danos et al. 1998;Danos et al. 2002;Pakkenberg 1992). Interpretation of these positive
findings, however, is complicated by failures of replication (Dorph-Petersen et al. 2004;Young
et al. 2004;Cullen et al. 2003). Gene expression studies offer another avenue for probing the
thalamus for SZ-related abnormalities. Such studies are potentially informative with respect
to disorder-associated variation in thalamic cell function as well as to variation in the relative
numbers of various cell types.

In the present study, we employed quantitative real time PCR (qPCR) to examine expression
levels of seven neuronal genes (neuronal enolase 2 gamma (ENO2), two vesicular glutamate
transporters (VGlut1, VGlut2), two glutamate decarboxylases (GAD65, GAD67), parvalbumin
(PV) and calbindin (CB)) and three oligodendrocyte genes (2′,3′-cyclic nucleotide 3′-
phosphodiesterase (CNP), myelin-associated glycoprotein (MAG), myelin basic protein
(MBP)) in the thalamus. The genes investigated were chosen to differentiate between
oligodendrocytes (CNP, MAG, MBP) and neurons (ENO2), and to further differentiate neurons
between glutamatergic (VGlut1, VGlut2) and GABAergic (GAD65, GAD67) types. Two
additional markers, parvalbumin (PV) and calbindin (CB) were investigated because their
expression is believed to differentiate between categories of glutamatergic projection neurons
that differ with respect to their function and pattern of projections to cortex. Specifically,
neurons immunoreactive for PV give rise to the specific thalamocortical projection, whereas
those immunoractive for CB give rise to the nonspecific projection (Jones 1998).

We examined the expression of these genes in five thalamic divisions present on coronal blocks
taken from the middle of the thalamus in the anterior to posterior plane. The regions dissected
represent four functional divisions of the thalamus: motor (dorsal posterior; DP),
somatosensory (ventral posterior; VP), intralaminar (centromedian, CM) and associational
(mediodorsal, MDN) (Fig. 1). Our parcellation follows the standardized parcellation and
nomenclature of Feremutsch and Simma (Dewulf 1971). The MDN, which has been
extensively studied in SZ (Popken et al. 2000;Buchsbaum et al. 1996;Cullen et al. 2003;Danos
et al. 1998;Danos et al. 2002;Danos et al. 2003;Gilbert et al. 2001;Hazlett et al. 2004;Highley
et al. 2003;Young et al. 2000;Young et al. 2004;Byne et al. 2000;Byne et al. 2006;Dorph-
Petersen et al. 2004;Pakkenberg 1992), was subdivided into medial (MDm) and lateral (MDl)
divisions which project, respectively, to medial and lateral prefrontal cortices (Goldman-Rakic
and Porrino 1985) (Fig. 1).

2. METHODS
2.1 Tissue Preparation

2.1.1. Subjects—Frozen postmortem brain tissue from the thalamus of subjects diagnosed
with SZ (N=14) by DSM-IV criteria and normal elderly controls (NCs) (N=16) were obtained
from the Mount Sinai/Bronx Veterans Administration (VA) Medical Center Department of
Psychiatry Brain Bank. The mean age, postmortem interval (PMI), tissue pH and sex
distributions of the subjects are shown in Table 1. All SZ subjects had been chronically
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hospitalized at Pilgrim Psychiatric Center (NY) or associated nursing homes for many years.
Written Informed Consents were obtained from the next of kin. All assessment and postmortem
procedures were approved by the Institutional Review Boards of Pilgrim Psychiatric Center,
Mount Sinai School of Medicine and the Bronx VA Medical Center. All patients had thorough
neuropathologic characterization to rule out discernable neuropathologies such as Alzheimer's
disease, multi-infarct dementia, etc. (Purohit et al. 1998). NCs had no known history of any
psychiatric or neurologic disorders and no discernable neuropathologic lesions. All subjects
died of natural causes. The majority of the specimens used in this study were derived from
donors who contributed cortical specimens for our previously published gene expression
studies of oligodendrocyte and ionotropic glutamate receptor gene expression(Dracheva et al.
2006;Haroutunian et al. 2006;Dracheva et al. 2005).

2.1.2. Cryostat Sectioning—A Leica Laser Capture Microdissection (LCM) system was
employed in this study. The system requires the tissue sections to be mounted on special slides
covered with an inert penfoil polymer (PEN). Every effort was made to maintain a near surgical
aseptic setting when handling tissue blocks, slides, and tissue sections for LCM to protect
against RNA degradation by RNAses. Blocks of tissue were sectioned serially in the coronal
plane (∼ −15°C) at a thickness of 20 μm on a cryostat dedicated to this purpose. For anatomical
localization, the first of each series of 5 sections was mounted onto glass slides, stained with
thionin (see below) and cover-slipped. The next set of 4 sections were cut and mounted onto
PEN microdissection slides and were stored at −80°C until used.

2.1.3. Staining and Laser Capture Microdissection (LCM)—On the day of the
microdissection the PEN slides at the anatomical levels desired for dissection were identified
by reference to nearly adjacent thionin-stained sections that had thalamic subdivisions drawn
onto their cover-slips. Our parcellation is illustrated and described in Figure 1. The identified
PEN slides were removed from the freezer, immediately fixed in 100% ethanol for 1 min and
then rehydrated in ethanol/water graded series (95%, 75%, 50%r; each one minute). Sections
were then stained for ∼ 30 sec in 1% Thionin in 0.05M NaCH3COO buffer, pH 4.5, washed
in water for 30 sec, dehydrated (75%, 95%, 100% ethanols, 1 min each), dried for 1 min and
immediately used for microdissection. All solutions were prepared with DEPC-treated water.
The sections were then examined using a Leica binocular dissecting scope with zoom
magnification and the boundaries for each nucleus were outlined onto the bottom of the slides
using an ultra-fine point marking pen. The individual thalamic nuclei were then dissected by
LCM into multiple collection tubes from 4 adjacent slides per subject (Fig. 1). The amount of
dissected tissue varied for different nuclei (30 − 90 mm2). Every effort was made to maintain
consistency of anatomical level of dissection across subjects. Dissections were performed
blindly relative to the diagnostic and other characteristics of the tissue donors.

2.2. RNA Extraction and cDNA Synthesis
Total RNA was extracted using the PicoPure RNA isolation Kit (Arcturus). RNA quality and
concentration were evaluated using Agilent BioAnalyzer. Only samples with RNA integrity
number (RIN) ≥ 6 were employed (Table 1). cDNA was synthesized by reverse transcriptase
reaction (RT) using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
Equal amounts of isolated RNA were used for the RT reactions for each subject and for each
nucleus. The amounts of RNA used in the RT reactions differed for different nuclei: 400 ng,
300 ng, 250 ng, 250 ng, and 200 ng for MDm, MDl, DP, VP, and CM, respectively.

2.3. Real time quantitative PCR (qPCR)
mRNA expression was measured by qPCR using an ABI Prism 7900 Sequence Detector
(Applied Biosystems) and gene-specific TaqMan FAM/MGB assays that contain both PCR
primers and fluorophore-labeled fluorescent probes (Applied Biosystems; Table 2). Each 20
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μl PCR reaction consisted of 5 μl of the relevant cDNA (diluted 25 times in H2O), a specific
TaqMan assay, and 10 μl of the 2xPCR Gold Master Mix (Applied Biosystems), which
contained ROX, Aplitag Gold DNA polymerase, AmpErase UNG, dATP, dCTP, dGTP, dUTP,
and MgCl2. The thermal cycling program consisted of 2 min at 50°C, 10 min at 95°C, followed
by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Only one cDNA was amplified in each PCR
(monoplex). The reactions were run in triplicate for each sample. To account for the differences
in the amounts of input material between the samples, the expression values of the target genes
were normalized to the expression of endogenous controls. Six different endogenous control
genes were initially tested (glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-2-
microglobulin (B2M), beta glucuronidase (GUSB), phosphoglycerate kinase 1 (PGK1)
cyclophilin A (PPIA), and large ribosomal protein (RPLPO)). Those were ranked according
to their expression stability by computing the average pairwise variation for each control gene
paired with all other tested control genes using geNorm software
(http://medgen.ugent.be/~jvdesomp/genorm/) PPIA, GUSB, and RPLPO were the most stably
expressed genes in this cohort and, therefore, the most suitable to use as endogenous control
genes. The geometric mean of their expression levels was used for normalization. The
averaging of multiple internal control genes has recently been demonstrated to provide accurate
normalization of quantitative PCR data (Vandesompele et al. 2002).

The relative expression level of target transcripts is commonly computed using the
Comparative Ct Method (ΔΔCt Method; Ct, threshold cycle). However, valid ΔΔCt
calculations require the efficiencies of the target amplification and the reference amplification
(endogenous control(s)) to be approximately equal since even small differences between these
efficiencies may render significant errors in comparing groups (see Guide to Performing
Relative Quantitation of Gene Expression Using Real-Time Quantitative PCR, Applied
Biosystems). Therefore, in this study we employed an alternative Relative Standard Curve
Methodology (RSCM; see the same Guide). This approach gives more accurate quantitative
results since expression values are interpolated from a standard curve(s) and, therefore, the
efficiencies of target and control amplifications do not have to be equivalent. An additional
and significant advantage is that this RSCM method allows the relative values of different
transcripts to be compared with one another.

Standard curves were generated for each target assay and for each endogenous control assay
by the association between the Ct values and different quantities of a “calibrator” cDNA. The
“calibrator” was prepared by mixing small quantities of all experimental samples. Using the
linear equations of standard curves, the amounts of each target mRNA and each endogenous
control mRNA were calculated in each experimental sample. The relative expression level of
a target mRNA was computed as the ratio of the target mRNA amount to the geometric mean
of the amounts of the three endogenous controls.

2.4. Statistical Analysis
Analysis of the data proceeded in several steps, all of which were accomplished using Statistica
6.0 and the Bonferroni method to adjust for multiple comparisons (Myers 1972). First,
independent t-tests were done to examine differences between diagnostic groups in the
expression level of each gene in each thalamic division. Because 5 between group comparisons
were made for each gene (one comparison for each of 5 divisions), differences were considered
statistically significant for ps< .05/5=.01. Next, differences in expression levels among
thalamic divisions and diagnosis by division interactions were tested by ANOVAs with
diagnostic group as a classification variable and thalamic division as a repeated measure. The
ANOVA for each gene was considered to represent one experiment with 5 comparisons
between diagnostic groups (one for each thalamic division) and 10 comparisons between
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thalamic divisions. Main effects were considered significant for p≤05/5=.01 for between
diagnostic group comparisons and p<.05/10=.005 for between thalamic regions comparisons.

Next, the continuous variables (age, PMI, pH, and RIN) were considered as potential
covariates. The possibility of relationships between each of these variables and gene expression
levels were examined by correlational analysis. Because age could potentially affect NCs and
SZs differently, and because PMIs differed significantly between groups, correlations for these
variables were examined separately for each diagnostic group and for the entire sample. For
each potential covariate, 10 correlations (one per gene) were examined per thalamic division.
Thus, the criterion for significance was p< .05/10=.005. Only one correlation was significant:
RIN with MBP in the CMN (r=−.620,p=.002) in the full sample. A negative correlation of
similar magnitude approached significance when tested within each diagnostic group. Analyses
involving MBP expression in the CMN were, therefore, run with and without RIN as a
covariate. In no case did inclusion of this covariate affect the statistical significance of the
contrast. Potential effects of sex were examined by employing sex as a categorical variable
alone or in combination with diagnosis in analyses parallel to those described above.

Correlations among the expression levels of the 10 genes were examined within each thalamic
division. Separate analyses were conducted for each diagnostic group in addition to the entire
sample. Among the genes within each nucleus 36 correlations were examined giving a criterion
for significance of p<.05/36=.0014.

3. RESULTS
3.1. Thalamic Gene Expression

mRNA expression of 10 target genes (CNP, MAG, MBP, GAD67, GAD65, ENO2, VGlut1,
VGlut2, CALB, PV) were measured in 5 thalamic nuclei. All target genes except VGlut1 could
be reliably quantitated in each nucleus using Relative Standard Curve Method. In accordance
with previously published reports (Fremeau, Jr. et al. 2004;Smith et al. 2001), VGlut1
expression level was below detection in all thalamic nuclei. As illustrated below (Fig. 2), in
addition to differences in the expression of the markers between nuclei, large differences in
expression levels between different genes were observed within each nucleus. The most
dramatic example of this is the difference in mRNA expression levels between PV and CB,
with PV mRNA being much more highly expressed. Similarly, among the three
oligodendrocyte-specific markers studied, the levels of MBP mRNA were at least 10 times
higher than those for CNP or MAG, consistent with the much higher protein expression of
MBP compared to CNP and MAG (Baumann and Pham-Dinh 2001).

3.2. Effects of Diagnosis
Only CB exhibited a significant difference in expression level between diagnostic groups and
this was seen only in the CMN (Figure 3) where it was more highly expressed in SZs than in
normal controls (t19=−2.31, p=.004).

3.3. Effects of Sex
No sex differences were observed for any neuronal marker; however, two of the
oligodendrocyte markers (CNP and MAG) were more highly expressed in females than males
across all nuclei as evidenced by main effects of sex in the absence of a sex by thalamic division
interaction (Figure 4).

3.4. Effects of Thalamic Division
Consistent with functional differences between thalamic divisions, highly significant main
effects were seen in gene expression for thalamic division for all markers. No interactions of
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division with diagnosis and/or sex were seen (Figure 1). In general, glutamatergic markers
were more highly expressed in the medial and lateral tier nuclei than in the CMN, while
GABAergic markers tended to be more highly expressed in the medial nuclei. Although the
CMN expressed low levels of most neuronal markers, it exhibited high levels of
oligodendrocyte markers. The two divisions of the MDN differed significantly for expression
of GABAergic markers (GAD67 and GAD65) with both being more highly expressed in the
lateral portion of the nucleus.

3.5. Correlations Between Markers
No significant correlations were seen in either the NC or the SZ group that were not also seen
in the full sample, reflecting the greater statistical power obtained with the full sample. In no
case did the slope of the regression lines differ between diagnostic groups; therefore, only
correlations for the full sample are tabulated (Table 3). The neuronal marker, ENO2, exhibited
multiple strong and highly significant correlations with markers associated with glutamatergic
thalamic neurons (VGlut2, PV) but not with GABAergic neuron markers (GAD65, GAD67).
As ENO2 is expressed by all neurons, this finding probably reflects the fact that, as reported
in previous studies, in most nuclei glutamatergic neurons greatly outnumber GABAergic
neurons (Spreafico et al. 1983). ENO2 and VGlut2 were both highly correlated with PV in all
nuclei examined. In contrast, ENO2 exhibited only one statistically significant correlation with
CB and VGlut2 exhibited none. This pattern of correlations is consistent with the much higher
expression of PV compared to CB in all nuclei.

The two GABAergic markers were highly correlated with one another across all divisions, but
exhibited no correlations with any other markers. The oligodendrocyte markers exhibited no
correlations with any of the neural markers. CNP was highly correlated with MAG across all
divisions but with MBP only in the two divisions of the MDN. MAG and MBP exhibited no
significant correlations.

4. DISCUSSION
This is the first study to carry out highly quantitative measurements of gene expression in
precisely dissected thalamic nuclei of the human brain. This was accomplished by the
combination of laser capture microdissection with real time quantitative PCR. The major
findings of the present study are 1) the increased CB expression in SZs relative to NCs in the
CMN and 2) the prominent sex difference in the expression of CNP and MAG but not of MBP
in all nuclei examined. These findings will be discussed in turn.

4.1. Increased Expression of CB in the CMN of SZs
The only diagnosis-associated effect observed was that CB mRNA expression in the CMN was
higher in SZs relative to NCs. This difference is consistent with either an increase in the number
of CB-expressing neurons in the CMN or an increase in CB gene expression per neuron. The
present study cannot distinguish between those possibilities; therefore, we can only speculate
regarding an explanation. Immunocytochemical studies have shown that PV and CB are
expressed by separate populations of neurons (Munkle et al. 2000) with different patterns of
projections to cortex (Jones 1998). PV expressing neurons project to focal cortical regions and
terminate predominately within one cortical column, primarily within laminae III and IV (Jones
1998). In contrast, CB expressing neurons project more diffusely and terminate within lamina
VI and on the horizontal processes of lamina. Thus, compared with PV-expressing neurons,
the firing of CB-expressing neurons produces more diffuse cortical activation. An increase in
the number of CB-expressing neurons or an increase in the ratio of CB- to PV- expressing
neurons in SZ might thus result in anomalous patterns of cortical activation. One can speculate
as to how such an increase in CB neurons might occur. Possibilities include an anomaly at the
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stage of neuronal differentiation that determines whether a given neuron ultimately expresses
CB or PV, or differential susceptibility to cell death. Another possibility would be an anomaly
of migration that results in more CB cells within the CMN in SZ. The majority of neurons
within the CMN express PV; however, the CMN is surrounded by the internal medullary lamina
in which numerous CB-expressing neurons are embedded (Munkle et al. 2000). CB-expressing
neurons within the CMN tend to occur as clusters in close proximity to the lamina and have
the appearance of cell rests that “belong” to the lamina. If such cells are indeed rests, the present
finding would be consistent with a neurodevelopmental defect in SZ that results in an increased
number of such cells that come to finally reside outside of the lamina rather than within it. We
carefully avoided including the lamina itself with our CMN dissections; however, the clusters
of CB cells in close proximity to but not within the lamina were included.

Alternatively, if NCs and SZs have the same number of CB-expressing cells in the CMN, the
present results would suggest that CB expression is up-regulated in SZ. The calcium binding
proteins including PV and CB participate in the transport and buffering of Ca2+ in addition to
regulation of various enzyme systems (Heizmann 1992). Several lines of evidence suggest that
altered Ca2+ signaling and/or homeostasis is central to the pathology of SZ (Lidow 2003). The
increase in CB gene expression observed in this study, therefore, may reflect a compensatory
response to SZ-associated disregulation of Ca2+ homeostasis in the CMN.

As in most postmortem studies of SZ, the majority of specimens in the present study came
from subjects who received neuroleptics for many years up until or close to the time of death.
It is, therefore, possible that our observation in the CMN is due to neuroleptic exposure rather
than to SZ, per se. Work done in both, animals (Cohen et al. 2003) and humans (Kemether et
al. 2003) suggests that the CMN responds to neuroleptics, but how this response might
influence CB expression is not clear. In a large imaging study that included both medicated
and medication-naïve SZs, CMN volume was decreased in SZs relative to controls; however,
within SZs the volume was increased among those with a history of neuroleptic exposure
(Kemether et al. 2003).

4.2. Sex Differences in Expression of MAG and CNP but not MAG
In a previous study of cortical gene expression we suggested that the expression of CNP and
MAG is coregulated whereas the expression of MBP is governed by different transcriptional
regulators (Dracheva et al. 2006). The findings of the present study are consistent with that
interpretation. Specifically, in all thalamic regions examined CNP and MAG expression were
highly correlated. On the other hand, MBP was never correlated with CNP and was correlated
with MAG in only one thalamic division. Compared to males, the expression of CNP and MAG
was higher in females across all thalamic divisions in the absence of a sex difference in MBP
expression. The fact that MAG and CNP but not MBP, in addition to being correlated, also
vary by sex suggests that the transcriptional regulation of CNP and MAG, but not MBP is
influenced by sex.

Work done in rats suggests that oligodendrocytes turnover more rapidly in females than in
males in all regions of the CNS examined (corpus callossum, fornix, spinal cord) and that this
difference is due to androgens slowing turnover (Cerghet et al. 2006). Our present findings
might, therefore, reflect increased turnover of oligodendrocytes in women. The sex differences
we observed in the expression of oligodendrocyte genes may have bearing on women's
increased susceptibility to particular demyelinating diseases as well as their less favorable
responses to therapeutic interventions for these disorders (Voskuhl 2002;Keegan et al. 2002).
In addition sex differences in oligodendrocyte functions, including myelination, could play a
role in the sex differences that have been well documented in schizophrenia including
differences in age at onset, symptom profiles, clinical course and neuroleptic responsiveness
(Seeman 2000). In this regard, it is of note that we have previously described a diagnosis by
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sex interaction for the anterior principal thalamic nucleus (not examined in the present study)
such that oligodendrocyte number was decreased relative to controls to a much greater extent
in male than in female SZs.

4.3. Between nucleus differences
Consistent with their different functional roles, the various divisions of the thalamus exhibited
different patterns of gene expression. The trend for higher expression of GABAergic markers
in the MDN compared to the other nuclei may suggest the presence of more GABAergic
interneurons in this associational nucleus as opposed to the more laterally situated motor (DP)
and sensory relay nuclei (VP) and the CMN which plays a role in motor functions and
nonspecific cortical activation (Kemether et al. 2003;McLardy 1984). Whether or not
GABAergic marker expression means more interneurons, it means more inhibitory tone.
Increased GABAergic marker expression may, therefore, reflect the need for fine tuned
regulation of the higher order cognitive functions subserved by the MDN.

Given that the thalamus has been implicated in SZ by multiple modalities of research, the
absence of more SZ-associated differences in the present study may seem surprising. Although
some of the genes we examined have been reported to exhibit SZ-associated differences in
expression in thalamus (Smith et al. 2001) or other brain regions e.g. (Chance et al. 2005;Hakak
et al. 2001;Torrey et al. 2005;Hashimoto et al. 2003;Akbarian and Huang 2006;Dracheva et
al. 2004;Heckers et al. 2002;Volk et al. 2000;Eastwood and Harrison 2005;Dracheva et al.
2006;Tkachev et al. 2003), previous studies in the thalamus did not employ rigorously
quantitative methods such as qPCR and did not combine qPCR with detailed exacting
anatomical dissections. The modest disease associated findings in the current study does not
diminish the potential for thalamic involvement in SZ, however. Several functional imaging
studies suggest metabolic dysregulation in the thalamus. Those differences are probably
paralleled by alterations of gene expression; however, the expression of metabolic genes is
likely to be very sensitive to the variations in physiological state associated with mode of death
and postmortem tissue conditions. Thus, reliable assessment of those genes would require large
sample sizes. For the present study, we, therefore, chose to assess cell-type specific genes.
Neuronal and oligodendrocyte deficits have been described by stereological studies of the
thalamus (Young et al. 2000;Byne et al. 2006;Popken et al. 2000;Pakkenberg and Gundersen
1988;Pakkenberg 1990). In general, cell densities tended to be lower in SZs in most studies
including our own, only differences in numbers, not densities, were statistically significant. If
the NCs and SZs have the same number of cells per unit volume, one would not necessarily
expect to see differences in normalized gene expression. Moreover, small deficits in cell density
could be off set by compensatory upregulation of gene expression in the remaining cells. This
possibility will be addressed in future studies that examine correlations between gene
expression and cell counts done in adjacent tissue sections from the same samples as well as
in studies that examine gene expression in homogeneous pools of individually microdissected
cells. In a recent study (Byne et al. 2006) we found a reduction of the oligodendrocyte to neuron
ratio in the anterior principle nucleus of the thalamus. That nucleus was not examined in the
present study because very little of it was present at the thalamic level we examined. Other
studies have implicated aspects of the glutamatergic system in SZ that were not directly
assessed in the current study (Clinton et al. 2006;Huerta et al. 2006;Bruneau et al. 2005). The
expression of these genes within the thalamus will also be addressed in future studies.
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Figure 1.
Figure 1: A) Representative uncoverslipped thionin stained 20 micron coronal frozen section
through the middle of the thalamus at the level of the CMN. Arrows indicate the
internalmedullary lamina which surrounds the CMN and forms the lateral and dorsal borders
of the MDN. The ventromedial border of the CMN is reinforced by fascicles of the prominent
fasciculus retroflexus (f) and portions of the parafascicular nucleus (Pf). In these preparations
the distinction between the parvocelluar and magnocellular divisions of the MD could not be
made definitively on the basis of cytoarchitectonic criteria. The nucleus was, therefore, bisected
to give medial and lateral halves. Because of the topography of the MD projection to prefrontal
cortex, the lateral portion (MDL) projects to the more lateral portion of the prefrontal cortex,
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while the more medial portion (MDM) projects more medially(Goldman-Rakic and Porrino
1985). MDL and MDM correspond approximately to the parvocellar and magnocellular
divisions of MD, respectively. The lateral border of the thalamus is the easily discernible
external medullary lamina which intervenes between the reticular nucleus and the internal
capsule (ic). The boundary between VP (which contains both VPL and VPM) and DP was
made on the basis of neuronal orientation. The neurons of VP exhibit a prominent alignment
along diagonally oriented fibers, whereas, the neurons of DP are more homogenously arranged.
The medial borders of DP and VP are established by the internal medullary lamina (arrows)
that constitutes to lateral border of the MD and CMN.
B) Same section as in panel A after laser microdissection of the CMN. The dots were placed
on the glass side of the Leica microdissection slides to delineate the divisions to be dissected
(see Methods).
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Figure 2. Gene expression analysis by thalamic region
The expression levels for both the neuronal and the oligodendrocyte genes varied significantly
across regions. Histograms represent means and SEMs. For each gene, histograms that do not
share the same symbol represent means that differ statistically (p<.005) after Bonferroni
correction. With thalamic region as a repeated measure, there was a significant main effect of
region for each gene (p<.00001, each test) examined but no diagnosis by region interactions.
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Figure 3. CB mRNA expression increased in SZ only in CMN
Data are means and SEMs. * p=.004.
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Figure 4. Increased CNP and MAG mRNA expression in women compared to men in all thalamic
regions
Data are means and SEMs. For both genes there was a main effect of sex ((F1,19=13.95, p= .
0014 for CNP; F1,19=12.10, p=.0023, for MAG) in the absence of a sex by region interaction.
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Table 2
Description of TaqMan assays employed.

Target TaqMan® Assay ID Ref Sequence Assay Location

Myelin basic protein, MBP Hs00922788_m1 NM_001025090
NM_001025092
NM_001025094
NM_001025098
NM_001025101

268
268
268
268
840

Myelin associated glycoprotein, MAG Hs00159000_m1 NM_080600
NM_002361

1381
1381

2', 3'-cyclic nucleotide 3' phosphodiesterase, CNP Hs00263981_m1 NM_033133 820

Solute carrier family 17, VGLUT1 (SLC17A7) Hs00220404_m1 NM_020309 211

Solute carrier family 17, VGLUT2 (SLC17A6) Hs00220439_m1 NM_020346 501

Enolase 2 (gamma, neuronal), Eno2 Hs00157360_m1 NM_001975 887

Parvalbumin, PV Hs00161045_m1 NP_002845 352

Calbindin1, 28kDa,CB

Glutamate decarboxylase 1, GAD67 Hs00241471_m1 NM_006272 1607

Glutamate decarboxylase 2, GAD65 Hs00609529_m1 NM_000818 1239

Cyclophilin A, PPIA Endogenous Control Assay

Beta glucuronidase, GUSB Endogenous Control Assay

Large ribosomal protein, RPLP0 Endogenous Control Assay

Schizophr Res. Author manuscript; available in PMC 2009 May 7.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Byne et al. Page 20
Ta

bl
e 

3
C

or
re

la
tio

ns
 a

m
on

g 
th

e 
tr

an
sc

ri
pt

s w
ith

in
 e

ac
h 

th
al

am
ic

 r
eg

io
n

O
nl

y 
co

rr
el

at
io

ns
 si

gn
ifi

ca
nt

 a
fte

r B
on

fe
rr

on
i c

or
re

ct
io

n 
(p

<.
00

14
) a

re
 sh

ow
n.

 
 

M
D

m
M

D
l

C
M

N
V

P
D

P

E
no

2
V

G
lu

t
r=

.8
40

6
r=

.7
59

4
r=

.8
67

1
r=

.7
65

0
r=

.8
24

8

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

PV
r=

.8
78

0
r=

.8
91

1
r=

.7
51

2
r=

.8
74

2
r=

.8
51

7

p=
.0

00
0

p=
.0

00
0

p=
.0

00
1

p=
.0

00
0

p=
.0

00
0

C
B

ns
r=

.5
97

0
ns

ns
ns

 
 

 
p=

.0
01

0
 

 
 

V
G

lu
t2

PV
r=

.7
78

7
r=

.7
94

5
r=

.6
58

3
r=

.7
80

6
r=

.7
86

0

 
 

p=
.0

00
0

p=
.0

00
0

p=
.0

01
1

p=
.0

00
0

p=
.0

00
0

G
A

D
65

G
A

D
67

r=
.7

16
2

r=
.9

16
3

r=
.8

66
0

r=
.8

63
9

r=
.9

16
3

 
 

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

C
N

P
M

A
G

r=
.8

72
6

r=
.8

43
5

r=
.8

84
7

r=
.8

55
3

r=
.8

34
4

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

p=
.0

00
0

M
B

P
r=

.6
86

4
ns

ns
ns

ns

p=
.0

00
1

Schizophr Res. Author manuscript; available in PMC 2009 May 7.


