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Abstract
This study was designed to examine possible anatomical changes of thalamocortical circuits in schizophrenics.
Previous immunocytochemical studies have shown that parvalbumin, a calcium-binding protein, occurs in thalamocortical projection neurons, but not in GABAergic interneurons in the anteroventral thalamic nucleus ŽAN.. Using
parvalbumin-immunocytochemistry we investigated the densities of thalamocortical projection neurons in the AN of
schizophrenic cases Ž n s 12. and controls Ž n s 14.. The densities of all neurons in the AN were estimated by
Nissl-staining. The majority of thalamocortical projection neurons in AN were identified by parvalbumin-immunoreaction. Significantly reduced densities of thalamocortical projection neurons were estimated in the right
Ž Ps 0.003. and left AN Ž Ps 0.018. in schizophrenic subjects. The densities of all neurons in right and left AN were
also diminished in schizophrenics; however, these decreases did not reach statistical significance. The reductions of
parvalbumin-positive thalamocortical projection neurons were not correlated with the length of disease, this finding
supporting the neurodevelopmental etiology of structural abnormalities in schizophrenia. Q 1998 Elsevier Science
Ireland Ltd.
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1. Introduction
The central pathophysiological feature in
schizophrenia seems to be more a disturbed circuitry involving different brain regions than a
disturbance in just one brain region ŽCarlsson and
Carlsson, 1990.. Recent studies with positron
emission tomography ŽSiegel et al., 1993; Buchsbaum et al., 1996; Andreasen et al., 1996. and
magnetic resonance imaging ŽAndreasen et al.,
1994. suggest abnormalities of the thalamocortical circuitry as one of the crucial disturbances in
schizophrenia. However, an analysis of thalamic
neurons which send their axons to the cortex as
the anatomical substrate of the thalamocortical
circuitry has yet not been performed.
The anterior nuclear thalamic group is dominated by a large anteroventral nucleus. This nucleus is sometimes called the nucleus anterior
principalis ŽHassler, 1959.. The anteroventral nucleus of the thalamus ŽAN., a pear-shaped structure surrounded by the fibers of the internal
medullary lamina ŽFig. 1A]D., is reciprocally
connected with the hippocampal region and the
cingulate cortex ŽAmaral and Cowan, 1980; Armstrong, 1990., two regions which have been shown
to be involved in schizophrenia ŽBenes et al.,
1991; Cleghorn et al., 1992; Benes, 1993; Noga et
al., 1995; Fletcher et al., 1996..
Furthermore, in positron-emission-tomography
ŽPET. studies, a diminished metabolic activity was
measured in the anterior regions of the thalamus
in schizophrenia ŽBuchsbaum et al., 1996..
The major aim of the present study was to
determine the densities of thalamocortical neurons of AN in schizophrenic and control subjects.
In the cerebral cortex, parvalbumin-containing
neurons are subsets of GABAergic interneurons
ŽDeFelipe, 1993.; however, parvalbumin-immunoreactive neurons in the thalamus are known
to be projection neurons: anatomical studies in
monkeys, using combined immunocytochemical
anterograde and retrograde tracing techniques,
have shown that parvalbumin is a marker for
thalamic relay neurons projecting to the cortex
ŽJones and Hendry, 1989; Molinari et al., 1995..
Immunocytochemical studies in the human striate
and visual cortices ŽBlumcke
et al., 1990; Cao et
¨

Fig. 1. Low power photomicrograph with a sequence of four
sections through the anteroventral thalamic nucleus, in antero-posterior order ŽA]D., and stained with a combined
Nissl- and myelin-staining. Scale bar s 0.75 mm.

al., 1996., and studies in human cingulate and
temporal cortices Ždel Rio and DeFelipe, 1994;
Kalus and Senitz, 1996. also suggest that thalamocortical neurons from association nuclei, including the AN, are also parvalbumin-immunoreactive.
2. Methods
2.1. Subjects
Post-mortem brain tissue of 12 schizophrenics
and 14 matched controls were used for the
present study ŽTable 1.. All brains were obtained
from the new DusseldorfrMagdeburg
brain col¨
lection. Patients and controls died between the
years 1986 and 1993. There were no significant
differences ŽStudent’s t-tests, chi-square analysis .
in possible confounding variables between the
schizophrenics and the controls. Matching criteria
were Žmean " S.D.. age Žschizophrenics s 54.0"
9.3 years, controls s 53.1" 8.9 years; Ps 0.81.,
gender Žschizophrenics s six males, six females,
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clinical records were selected for this study. The
mean duration of illness was 21.6" 7.3 Žmean "
S.D.. years. Schizophrenic subjects were diagnosed as chronic schizophrenia according to
DSM-III-R Ž295.62., since it has been observed
that in the majority of cases schizophrenic subtypes alternate during a longer period of illness
ŽDeister and Marneros, 1993.. Brains with reports
of substance abuse, dementia, or neurological illness and chronic terminal diseases known to affect the brain Ži.e. chronic liver, kidney, heart and
lung diseases, cancer, cortisol treatment . were
excluded. Patients were excluded if they were
older than 65 years, or had a lifetime history of
serious head trauma. All patients had received

controls s eight males, six females; Ps 0.71.,
post-mortem interval Žschizophrenics s 35.3 "
13.4 h, controls s 29.6" 13.9 h; Ps 0.30., fixation
interval Žschizophrenics s 7.1" 2.9 months, controls s 5.9" 4.3 months; Ps 0.42. and shrinkage
factors Žschizophrenics s 2.26" 0.25, controls s
2.08" 0.19; Ps 0.13.. Shrinkage factors were determined for each brain before and after dehydration and embedding of tissue. Volume shrinkage factors were calculated using the formula:
VFs ŽA1rA2. 3r2 ŽVF, volume shrinkage factor;
A1, cross-sectional area before processing of tissue; A2, cross-sectional area after processing of
tissue..
Only patients with well-preserved and extensive

Table 1
Demographic and histological data of schizophrenic patients and control subjects
Casersexrage
Žyears.

Post-mortem
interval Žh.

Fixation time
Žmonths.

Cause of death

Control subjects
1rmr56
2rmr50
3rmr64
4rfr52
5rmr47
6rmr38
7rmr56
8rfr64
9rmr46
10rmr61
11rfr38
12rfr65
13rfr65
14rmr54

30
72
30
24
24
19
24
24
24
24
24
48
24
24

7.0
3.0
8.0
3.0
3.0
2.5
1.5
1.5
9.5
17.0
7.5
9.5
3.0
6.5

Acute pancreatitis
Myocardial infarction
Ruptured aortic aneurysm
Heart failure
Respiratory insufficiency
Heart failure
Heart failure
Peritonitis
Heart failure
Heart failure
Pulmonary embolism
Ruptured aortic aneurysm
Heart failure
Pulmonary embolism

Schizophrenic subjects
1rmr49
2rmr65
3rmr46
4rfr53
5rmr51
6rmr39
7rfr52
8rfr40
9rfr55
10rmr61
11rfr62
12rfr56

24
48
48
48
48
16
24
48
48
24
24
24

12.0
7.0
7.0
3.5
9.5
10.0
4.5
6.5
9.5
3.0
9.0
3.5

Heart failure
Respiratory insufficiency
Pulmonary embolism
Myocardial infarction
Ileus
Cardiac arrhythmia
Suicide by drowning
Sepsis
Suicide by overdose of medication
Pneumonia
Gastrointestinal hemorrhage
Myocardial infarction
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neuroleptic treatment at many times during their
disease. Control brains without a history of neuropsychiatric disorders were obtained from the
same pathological institutes, or medical
examiner’s officers.
2.2. Tissue processing
The histological procedure has been described
in a previous article ŽBogerts et al., 1990.. Briefly,
brains were embedded in paraplast and cut into
20-m m thick whole brain coronal serial sections.
The stereotactic coordinates described by Schaltenbrand and Bailey Ž1959. were used as demarcation for the anterior and posterior pole and the
edges of the AN ŽFig. 1.. Sections were then used
for Nissl-staining or for parvalbumin-immunoreaction. Sections were collected in cold
phosphate buffer, 0.1 molrl ŽpH 7.4. mounted on
gelatin-coated slides, and air dried for 24 h. Sections were incubated overnight with antibody to
parvalbumin Žmouse monoclonal antibody,
SWANT Bellinzona, AB 235, Switzerland.. The
primary antibody was visualized by using a peroxidase-conjugated secondary antibody Žantibody to
mouse immunoglobulin G. and developed with
H 2 O 2 -3,39-diaminobenzidin-tetrahydrochloride
ŽDAB. ŽVector Laboratories, Burlingame, CA..
This monoclonal antibody has been shown to
stain the parvalbumin protein specifically ŽCelio,
1990.. The specificity of the parvalbumin immunostaining was investigated by treating the sections by the immunocytochemical methods described above, with the primary antibody being
omitted. None of the sections processed in this
fashion exhibited specific immunoreactivity.
2.3. Morphometric analysis
The numerical densities and soma sizes of
Nissl-stained neurons and parvalbumin-immunoreactive neurons were measured separately
in AN of the right and left hemispheres of
schizophrenics and controls with a computerassisted system. For the measurements of neuron
densities and neuron soma sizes, a 200 =
magnification was used. Neurons were measured
in six 424 m m= 424 m m counting squares in a

section in the right and left AN, respectively.
Previous studies have described that the density
of neurons in human AN is homogenous along
the whole rostrocaudal length of the axis
ŽArmstrong, 1990.. However, in order to confirm
this, we performed Nissl-staining and parvalbumin-staining of five sections from the anterior
to the posterior part of the whole AN in both
sides Žright and left. of five brains. A repeated
measures multivariate analysis of variance
ŽMANOVA. was then performed in both staining
procedures with the densities in the different
levels as within-subjects factors. No significant
differences in the neuron densities throughout
the different levels of the AN could be measured
in the group of Nissl-stained neurons in the right
Ž F s 1.3, df s 4, Ps 0.42. or left AN Ž F s 0.20,
df s 4, Ps 0.89. or in the group of parvalbuminstained neurons in the right Ž F s 1.48, df s 4,
Ps 0.28. or left AN Ž F s 0.80, df s 4, Ps 0.57..
The counting areas were systematically positioned with the following procedure: the first
counting area was placed in the middle of the
diagonal axis which connects the two poles of AN.
The poles on the coronal sections are located
where the internal medullary lamina splits in the
two main fiber bundles. Adjacent squares were
positioned along this diagonal axis below and
above the first field. All neuronal profiles counted
were 6 m m or more in diameter. A Kappatechnik
ŽKappatechnik, Gleichen, F.R.G.. video camera
module attached to a Leica DM RB microscope
ŽLeica, Gießen, F.R.G.. and Digitrace software
ŽImatec, Neufahrn, F.R.G.. were used for the
measurement of neuronal densities.
Numerical densities in four cell populations
ŽNissl-staining, left and right hemisphere, parvalbumin-staining, left and right hemisphere. were
estimated by counting the number of neuronal
profiles per counting area, numbers were then
corrected according to the Abercrombie Ž1946.
correction for nuclear diameters Žrange 14.0]14.5
m m in the four cell populations. formula and
section thickness Ž20 m m., and the estimated
density of numerical densities per cubic millimetre was determined. The computer software also
calculated the area of the soma profiles neuron
diameter. For each case, data from the six count-
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ing areas were summed.
The number of neurons sampled per case was
290.6 " 76.7 Žmean " S.D... Results were expressed in terms of positive neurons per square
mm. All measurements were performed under
blind conditions by two trained independent ŽR.S,
M.F. raters. The intraclass correlation coefficients for reliability, calculated according to Fleiss
Ž1986., ranged for the four neuronal populations
ŽNissl-staining, right and left hemisphere; parvalbumin-staining, right and left hemisphere.
between 0.94 and 0.97. For the statistical analysis
neuronal counts performed by R.S. were used.
Analysis of variance ŽSPSSrPCq 4.0. was performed with diagnosis Žschizophrenic subjects or
controls. as a between factor and confounding
variables as covariates Žage, gender, duration of
illness, post-mortem interval, fixation interval and
shrinkage factor. to compare the neuron densities
and the soma sizes in both groups. Correlation
analyses ŽPearson correlation coefficients .
between the neuron population densities, the
soma sizes and the confounding variables were
also performed.
3. Results
PV-immunoreaction stained 62]43% of Nisslstained AN neurons in the right and left hemisphere of schizophrenics and controls Žsee Table
2..
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Analysis of variance revealed no significant
differences in soma sizes of Nissl-stained neurons
and parvalbumin-immunoreactivity between the
two groups. There were no significant differences
in soma sizes Žin m m2 . of Nissl-stained neurons
in left AN Ž145.5" 32.9. or right AN Ž147.7"
30.8. of schizophrenics in comparison to soma
sizes in left AN Ž161.2" 32.7; F s 0.96, Ps 0.49.
and right AN Ž150.2" 28.7; F s 1.30, Ps 0.33. in
the control group. Soma sizes of parvalbuminstained neurons in left AN Ž154.9" 16.6. and
right AN Ž171.0" 24.1. in schizophrenic subjects
were not significantly different from soma sizes in
left AN Ž153.0" 37.5, F s 1.6, Ps 0.21. or right
AN Ž155.9" 31.3; F s 0.71, Ps 0.66. in control
subjects. These results show that differences in
cell size do not confound measures of numerical
density. Pearson correlations revealed no significant correlations between duration of illness and
densities of parvalbumin-immunoreactive neurons in the right AN Ž r s y0.16; Ps 0.61. or left
AN Ž r s y0.39; Ps 0.20.. Further correlation
analyses revealed no significant correlations
between neuron densities, soma sizes and confounding variables.
After adjustment for the confounding variables
ŽANOVA., the densities of parvalbumin-immunoreactive neurons were significantly reduced
in left AN Ž Ps 0.018. and right AN Ž Ps 0.003.
in schizophrenic subjects ŽTable 2, Fig. 2C and
D.. The densities of Nissl-stained neurons were

Table 2
Densities of all AN neurons ŽNissl-staining . and of thalamocortical projection neurons Žparvalbumin staining. of 12 schizophrenic
subjects and 14 control subjects a . Densities are given as means " S.D. neurons per cubic millimetre
Schizophrenics

Controls

Diff. Ž%.

Analysis Ždfs 7.
F

P

All neurons
Left
Right

5662.2" 792.9
5728.0" 747.2

6664.3" 1301.4
6586.5" 939.4

y15.1
y13.1

1.73
1.49

0.16
0.23

Thalamocortical neurons
Left
Right

2425.0" 892.2
2648.6" 882.1

3687.8" 960.1
4145.6" 739.4

y34.2
y36.0

3.35
4.95

0.018
0.003

a

Differences between schizophrenic subjects and control subjects in neuronal densities were examined by analysis of variance
ŽANOVA. with age, sex, illness duration, post-mortem interval, fixation interval and shrinkage factors as covariates.

6

P. Danos et al. r Psychiatry Research: Neuroimaging Section 82 (1998) 1]10

Fig. 2. ŽA. Low power photomicrograph of a coronar section through the anteroventral nucleus of the thalamus ŽAN. stained with a
combined Nissl- and myelin-staining. ŽB. Higher magnification of AN with densely packed neurons ŽNissl-staining .. ŽC, D.
Parvalbumin-stained cell bodies of presumptive thalamocortical projection neurons in AN of a control subject ŽC. and of an age and
sex-matched schizophrenic subject ŽD.. The density of PV-positive thalamocortical neurons is significantly reduced in schizophrenics. Inset at top right of ŽD. shows an example of neurons stained for PV. Scale bars, 0.75 mm in ŽA.; 100 m m in ŽB. through ŽD.;
and 25 m m in inset of ŽD..

decreased in right and left AN in schizophrenic
subjects; however, these decreases were not significant ŽTable 2..
4. Discussion
Our results suggest a selective decrease of parvalbumin-immunoreactive ŽPV. cortically projecting neurons in the right and left anteroventral

nucleus of the thalamus ŽAN. in schizophrenic
subjects. Previous studies in monkeys have shown
that in thalamic nuclei parvalbumin-immunoreaction stains selectively neurons projecting to cortical regions ŽJones and Hendry, 1989.. However,
in humans, the percentage of parvalbumin-positive thalamocortical projection neurons in AN
within all thalamocortical projection neurons had
not yet been established.
In the present study, 62]43% of all AN neu-
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rons were PV-positive. Anatomical studies have
shown that projecting neurons in AN represent
72]52% of all AN neurons ŽBraak and Weinel,
1985; Hunt et al., 1991., which means that in the
present study the majority of thalamocortical projection neurons were stained by parvalbumin. The
observed decreases of PV-positive thalamocortical projection neurons were selective, since the
decreases of the densities of all neurons in AN
did not reach statistical significance.
The following methodological limitations could
have influenced the present results. It should be
emphasized that the method which we performed
for the measurement of neuron densities is a
relative estimate and not an absolute calculation
of the number of Nissl-stained neurons and of
parvalbumin-immunoreactive neurons. However,
in human studies differences in neuronal densities between controls and a group of patients can
be accurately determined when comparing tissue
that is similarly processed ŽMathern et al., 1995..
Another methodological limitation could be
seen in the possibility that PV also stains
GABAergic interneurons in AN. However, immunocytochemical animal studies in guinea pig
ŽDe Biasi et al., 1994. and monkey ŽJones and
Hendry, 1989. have shown that GABAergic interneurons in AN are PV-negative.
The reduced densities of PV-positive neurons
in schizophrenics could also be due to the influence of neuroleptic medication in these patients,
since all patients have been treated with neuroleptics for a long time period.
Neuroleptic medication could have had a toxic
effect on PV-positive neurons or could have influenced parvalbumin expression in neurons. In
the case of a toxic effect on PV-positive neurons,
one might expect a relationship between the duration of illness and the densities of PV-positive
neurons, since the duration of neuroleptic treatment corresponds approximately to the duration
of illness. However, in our study, no significant
correlations were found between the densities of
PV-positive neurons and the duration of illness.
It appears possible that the observed decrease
of PV-positive neurons in AN of schizophrenics
represents just a neuroleptic-dependent decrease
of synthesis of PV in these neurons, since it has
been shown that expression of PV can be altered
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in an activity-dependent manner ŽJones, 1993..
Experimental data about an influence of neuroleptics on the expression of parvalbumin in
neurons are not available at present.
If neuroleptics or other unknown factors only
suppressed the expression of parvalbumin in the
neurons, then the densities of Nissl-stained neurons should be unchanged. However, in the present study, we found a substantial, but not yet
significant, reduction of the densities of Nisslstained neurons. Therefore, although alterations
in the neuronal parvalbumin content due to neuroleptic medication cannot be excluded, our findings suggest that the observed reduced densities
of PV-positive neurons in AN of schizophrenics
are a result of a neuronal loss.
The hypothesis that the reduced densities of
PV-positive neurons in the anteroventral nucleus
are due to a loss of neurons is also consistent with
the results of a study of Pakkenberg Ž1990. who
found a pronounced loss of neurons in the mediodorsal thalamic nucleus in schizophrenic subjects.
It also appears possible, that the observed decreased densities of thalamocortical neurons in
schizophrenics could be due to an enlarged AN in
schizophrenics. However, previous studies have
found a reduction of the thalamus in schizophrenia ŽAndreasen et al., 1990, 1994., and a significantly decreased volume of the mediodorsal thalamus in untreated and in neuroleptic-treated
schizophrenics ŽPakkenberg, 1992.. Furthermore,
a recent MRI study measured a decreased area of
the left anterior thalamus in schizophrenia
ŽBuchsbaum et al., 1996.. Therefore, it is unlikely
that the present data of decreased PV-positive
projection neurons in the AN of schizophrenics
are due to an enlarged volume of these nuclei.
In a recent report, Buchsbaum et al. Ž1996.
have found diminished metabolic activity in the
anterior regions of the thalamus in schizophrenia.
These findings are consistent with our findings of
decreased density of neurons in the anterior nuclei, since it is known that glucose metabolism is
positively correlated with neuronal densities ŽMcGeer et al., 1990.. Furthermore, another PET
study has found a decrease in glucose metabolism
in both sides of the AN but not in the posterior
thalamus after withdrawal of medication with
haloperidol in schizophrenic patients ŽHolcomb et
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al., 1996., suggesting that the antipsychotic effect
of haloperidol is mediated by thalamocortical circuits involving the AN.
In the present study we have found no significant correlations between the densities of thalamocortical neurons and age or duration of illness.
This finding is consistent with the neurodevelopmental hypothesis of schizophrenia ŽWeinberger,
1995..
What link may exist between schizophrenic
symptoms and anatomical disturbances in the anteroventral thalamus? The AN belongs to the
limbic PAPEZ-circuit, a circuit which has been
supposed to represent the neural substrate of
schizophrenia ŽBogerts, 1989.. However, the functions in which the AN is involved are still not
precisely known. Anatomical studies, comparing
the relative size of monkey’s AN with the human
AN, have found a relative enlargement of this
nucleus in human brain, these data suggesting
that the AN nucleus may be particularly important in modulating high-order cortical processing
in the human brain.
Behavioral works have shown that the AN
modulates states of alertness and attack ŽMacDonnell and Flynn, 1968.. Furthermore, this nucleus is also involved in the semantic memory
system ŽKopelman, 1995. and attention ŽRousseaux et al., 1991., cognitive functions that are
known to be impaired in schizophrenia ŽMcKenna
et al., 1994; Goldberg and Weinberger, 1995..
Beasley and Reynolds Ž1997. reported a decreased number of PV-positive neurons in the
prefrontal cortex of schizophrenics; however this
finding could not be replicated in a recent study
by Woo et al. Ž1997.. Daviss and Lewis Ž1995.
have found an increase in local circuit neurons
which contain calbindin, a calcium-binding protein, in the prefrontal cortex of schizophrenics.
Therefore, the role of calcium-binding proteins in
the etiology of schizophrenia is still inconclusive.
Based on animal studies about the neurotoxic
effect of N-methyl-D-aspartate glutamate receptor antagonists in the posterior cingulate cortex, it
has been recently proposed ŽOlney and Farber,
1995. that schizophrenic symptoms may be due to
disturbances of the glutamatergic system. Since it
is known that thalamocortical projections are glu-

tamatergic ŽGigg et al., 1992; Kharazia and Weinberg, 1994., the present findings also strengthen
the hypothesis of impaired function of the glutamatergic system in schizophrenia.
In conclusion, the present results provide anatomical evidence for a selective involvement of
thalamocortical projection neurons in the etiology
of schizophrenia. Further neuroanatomical studies on projection neurons within the limbic system are needed in order to elucidate the complex
neuropathological basis of schizophrenia.
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