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REVIEW

When cortical development goes wrong: schizophrenia
as a neurodevelopmental disease of microcircuits

Laurence Garey
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Abstract

Schizophrenia probably has a developmental origin. This review refers to three of our published series of stud-
ies related to this hypothesis: loss of dendritic spines on cerebral neocortical pyramidal neurons, decreased
numerical density of glutamatergic neurons, and microgliosis. First, brains of schizophrenic patients and non-
schizophrenic controls were obtained post mortem and blocks of multiple cortical areas impregnated with a
Rapid Golgi method. Spines were counted on the dendrites of pyramidal neurons of which the soma was in
layer 1l (which takes part in corticocortical connectivity) and which met strict criteria for impregnation quality.
Data were obtained blind: diagnoses were only revealed by a third party after measurements were completed.
The mean spine count in all cortical areas studied in the control series was 243 mm~' of dendrite and in the
schizophrenics 108. Measurements in frontal and temporal association cortex showed the greatest reduction in
spine number in schizophrenia (299 in control frontal cortex and 101 in schizophrenics, and 276 mm™’
trol temporal cortex and 125 in schizophrenics). There was no correlation of spine loss with age at death. Our
results support the concept of a neurodevelopmental defect in the neuropil affecting glutamatergic neurons in
schizophrenia and may help to explain loss of cortical volume without loss of neurons. In a second part of our
study we used an antibody to the kainate receptor subunit GIuR 5/6/7 and showed a decrease in numerical
density of presumed glutamatergic neurons in schizophrenic orbitofrontal cortex. Finally, as glia play a major
role in the developing nervous system, we investigated whether schizophrenia was associated with glial
changes in frontal and temporal cortex. Astroglia and microglia were identified in schizophrenic and control
brains, using antibodies to glial fibrillary acidic protein (GFAP) and class Il human leucocyte antigen (HLA-DR),
respectively. Significant increases were found in microglial numerical density in schizophrenics compared with
controls: 28% in frontal area 9 (115 cells mm™2 compared with 89), and a 57% increase in temporal area 22
(139 cells mm™ compared with 88). For both areas, astroglia showed no significant differences between schizo-
phrenics and controls. No significant differences were found in cortical thickness or total neuronal numerical
density between the two groups. This specific increase in numerical density of microglia in temporal and frontal
cortex of chronic schizophrenics, not related to aging, could be related to possible changes in cortical neuropil
architecture as revealed by loss of dendritic spines.
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in con-

son, 1995, 1997; Ross & Pearlson, 1996; Raedler et al. 1998;
Weinberger & Marenco, 2003). Behavioural and intellectual
abnormalities in children who later developed schizophre-
Schizophrenia is probably a neurodevelopmental disorder nia support this neurodevelopmental hypothesis (Done
with evidence of brain changes before clinical onset (Harri- et al. 1994).

Enlargement of the cerebral ventricles was for a long
time the most consistent anatomical finding in schizo-
phrenia using neuroimaging or at post mortem (John-
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1996). Studies showed a decrease in volume of cerebral
cortex but no change in that of subcortical white matter
(Suddath et al. 1989; Zipursky et al. 1992; Harvey et al.
1993), suggesting that there is no loss of axons or proba-
bly of somata of cortical neurons (Selemon et al. 1995;
Selemon & Goldman-Rakic, 1999), but there is a loss in
neuronal processes, such as axon terminals or dendritic
branches or spines, in the cortical neuropil. More recent
imaging studies have extended the original observations,
showing that patients with schizophrenia have decreased
grey matter in frontal, temporal and parietal cortices
compared with controls (Honea et al. 2008). Furthermore,
van Haren et al. (2008) observed that changes in brain
volume throughout life were different between schizo-
phrenics and controls. This was particularly evident in the
first 20 years or so of illness (before the age of 45), when
grey matter loss and lateral ventricle increase were most
marked in patients relative to controls. Patients also
showed increase in third ventricle volume over time. Poor
outcome patients showed more brain tissue loss than
good outcome patients. So, overall there seems to be loss
of cerebral tissue, at least in the early stages of schizo-
phrenia. But this may be of neuropil rather than of neu-
ronal cell bodies.

To investigate possible changes in neuropil, we carried
out studies of dendritic spines (Garey et al. 1993, 1995,
1998), in the light of our evidence of the large changes they
undergo during normal development (Michel & Garey,
1984; Fig. 1) at a time when major changes are taking place
in human cortical neuronal architecture (Mrzljak et al.
1992; Cao et al. 1996; Yan et al. 1996, 1997) and synapto-
genesis (Huttenlocher, 1979, 1984; Huttenlocher & Dabhol-
kar, 1997; Huttenlocher et al. 1982; Rakic et al. 1994).
Similar and very extensive work, including a tentative
molecular mechanism for spine changes, has been reported
by Glantz & Lewis (1995, 2000), Kolluri et al. (2005), Hill
et al. (2006) and Sweet et al. (2009). A recent review of den-
dritic spines summarizes current views on their dynamics
and importance (Bhatt et al. 2009).

A loss of dendritic spines, particularly from cortical pyra-
midal neurons, could be consistent with the glutamate
hypothesis of schizophrenia (Kim et al. 1980; Hirsch et al.
1997), as the N-methyl-p-aspartate (NMDA) subtype of glu-
tamate receptor is present on their dendrites and probably
dendritic spines (Petralia et al. 1994), and NMDA receptor
blockade by phencyclidine (Vincent et al. 1979; Zukin &
Zukin, 1979) results in schizophrenia-like symptoms (Luby
et al. 1959). Positive and negative symptoms in schizophre-
nia may be associated with NMDA receptor hypofunction
(Bennett, 2009).

Pyramidal cells in layer Il are glutamatergic (Fonnum,
1984) and are involved in projections between various corti-
cal areas (Lund etal. 1975), and might therefore be
expected to be important in higher cognitive function that
is disturbed in schizophrenia.
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Fig. 1 Micrographs of segments of apical dendrites of layer Il cortical
pyramidal neurons. (A) Fetus at 33 weeks’ gestation. Narrow dendrite
with few immature, hair-like spines. (B,C) Thicker dendrite at

3 months postnatal with more bulbous spines. (D,E) Spine numerical
density is highest at 5 months. (F) 21 months: spine density has fallen
to perinatal levels. From Michel & Garey (1984).

If subtle neuronal abnormalities occur in schizophrenia,
one might expect changes in glial cells, which have important
functions in the CNS. Most studies have concluded that there
is no increase in astroglia, thus suggesting a developmental
as opposed to a degenerative process (Falkai et al. 1988;
Stevens et al. 1988; Harrison, 1995). We therefore studied glia
in another cohort of schizophrenic and control brains,
concentrating on microglia (Radewicz et al. 2000), using
immunocytochemistry for identifying specific glial cells.

Specimens

Our studies formed part of the Charing Cross Prospective
Schizophrenia Project in which authorization was obtained
in life for neuropsychological evaluation of long-stay schizo-
phrenic patients and subsequent neuropathological study
of their brains post mortem. Clinical histories and neuropsy-
chological assessments of the patients, diagnosed using
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DSM IlIR criteria, were available. Control material was
obtained from routine autopsies or donated bodies, after
relevant authorization; for none of the control brains was
there a history of psychiatric disease. The brains were coded
so that the nature of each specimen was unknown to the
investigator. The examination was therefore conducted
‘blind’ to eliminate assessment bias.

Dendritic spines

Methods

For the study of spines (Garey et al. 1998) the brains of
eight schizophrenic patients (one female, seven males; aver-
age age 70 years, range 44-83) and 11 non-schizophrenic
controls (two females, nine males: average age 70 years,
range 50-78) were fixed in 4% buffered paraformaldehyde,
within a post mortem interval (PMI: the time from death to
fixation of the specimens) of 4-96 h. Blocks of neocortical
tissue were removed from all cerebral lobes, and prepared
for microscopy using the Rapid Golgi technique. and sec-
tioned at 100 um. The relative thickness of the sections
helped maintain the integrity of the impregnated neurons,
and allowed more complete analysis of their dendritic
arbors.

Qualitative observations

Many densely impregnated neurons and neuroglia were
present in the Golgi sections (Fig. 2). Typical pyramidal neu-

Fig. 2 Layer Ill pyramidal neurons, Golgi method. (A) From a control
brain, showing spiny dendrites. (B) Spineless segment of apical
dendrite in a schizophrenic brain. (C) Higher power of spiny apical
dendrite in a control brain. Scale bars: A: 25 um; B: 15 um; C: 10 um.

rons were found with somata in all layers except layer |, but
most commonly in layers II, [l and V. The neurons of which
the soma was in layer Il tended to form a more homoge-
neous population than those in other layers, and there was
less fragmentation of their dendrites, particularly the apical
dendrite that was, of necessity, shorter than that of layer V
pyramids. A single apical dendrite could always be identi-
fied extending from the superior pole of the soma, usually
as far as layer | where it ramified, although often it
branched earlier. Several basal dendrites typically formed a
skirt around the inferior pole of the soma. All dendrites
bore numerous spines.

Various degrees of loss of dendritic spines were detect-
able on the pyramidal neurons in most specimens of schizo-
phrenic cortex (Fig. 2). In these cases the apical and basal
dendrites and their branches usually had some segments
that were almost completely smooth, whereas others had a
few long, thin or short, stubby spines, usually occurring sin-
gly or in clusters of up to four.

Spine density measurements

In a given section, 10 adjacent pyramidal cells that complied
with the following sampling criteria were analysed. All had
their cell body in layer Ill, they had complete or near com-
plete dendritic arbors, and were unobscured by surround-
ing cells. Each was drawn at 400x magnification using a
microscope fitted with a drawing tube, and the total length
of the dendrites for that cell measured. At a magnification
of 1000x the number of spines on all the dendrites was
counted under oil immersion. As some of the spines were
obscured by their own dendrite, only those spines protrud-
ing laterally from the dendritic shafts into surrounding clear
neuropil were counted. The spine density of a pyramidal
neuron was calculated as the total number of spines divided
by the total length of its dendrites, and was expressed as
the number of spines per millimeter of dendrite. The mean
spine density of the 10 neurons was then calculated.

Over all areas of cortex studied, a mean numerical den-
sity of 108 spines mm~" was calculated on layer Ill pyrami-
dal neurons in schizophrenic cortex, compared to
243 spines mm~" for non-schizophrenic controls, a highly
significant difference (Student’s t-test, P < 0.0001). Analysis
of blocks of frontal association cortex (areas 9, 10, 11 and
45) showed 101 spines mm~" in schizophrenics and 299 in
controls. Temporal association cortex from areas 20, 21,
22, 38 and 42 showed 125 spines mm™" in schizophrenics
and 276 in controls (Fig. 3). There was, therefore, consis-
tency in frontal and temporal cortices, where functional
changes have been demonstrated in schizophrenia. In pri-
mary motor or sensory areas (1, 2, 3, 4, 17) and in parietal
and cingular cortex (areas 7 and 21) the effect was less
marked (schizophrenics: 103 spines mm™"; controls: 160).
There was no obvious difference between left and right
hemispheres.
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Fig. 3 Scatter plots of spine numerical densities on layer Il pyramidal
apical dendrites from control and schizophrenic frontal and temporal
cortex. Arrows indicate the mean for the blocks studied in each

group.

It was important to match age and spine count in the
schizophrenic group to determine whether loss of spines in
schizophrenic cortex could be due to older age (Jacobs
et al. 1997). In the frontal cortex, all schizophrenic patients,
with one exception, had a lower spine count than a
matched control of the same or greater age. In temporal
cortex the same was true except over age 70, when all
counts were low. Regression analysis of spine density vs.
age showed a marked reduction in spine number with age
in controls, but in schizophrenics the regression curve was
essentially flat throughout the age range. We therefore
concluded that there was no correlation of spine loss with
age in schizophrenics.

Glutamatergic neurons

Methods

We used blocks fixed in 4% paraformaldehyde from the
orbitofrontal cortex (area 11 of Brodmann, 1909,/2006)
from nine schizophrenics (five males, four females) and
eight controls (three males, five females) (Garey et al.
2006). The blocks were embedded in wax, and sectioned at
10 um, before mounting on glass sides. Sections per block
were immunostained with a mouse monoclonal antibody
recognizing the kainate receptor subunit GIuR5/6/7 (Chem-
icon) and described as labelling specific neurons in primate
neocortex (Huntley et al. 1993). Slides were microwaved in
citrate buffer (pH 6) for 5 min to enhance the presentation
of the antigen (Newman & Gentleman, 1997) and incu-
bated overnight in the kainate receptor antibody diluted
1 : 200. A standard ABC (Vectastain) routine was then used,
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and the staining visualized using a metal-enhanced diam-
inobenzidine substrate. Kainate receptor-positive cells in a
column from the pia to the white matter were counted at
%200 independently by two observers. Differences between
the schizophrenic and control brains were tested for signi-
ficance by using the non-parametric Mann-Whitney test.

Kainate receptor-positive neurons

Cells labelled for kainate receptor were visible in all layers.
Most were pyramidal neurons (Fig. 4). Nissl-stained sections
revealed no significant difference between left and right
cortices or between schizophrenics and controls. There were
no significant differences in the number of immunopositive
neurons between left and right sides of control or schizo-
phrenic brains. However, there were significantly fewer kai-
nate receptor-positive neurons in the schizophrenics than
the controls. Using both left and right cortex, the lower
numerical density of stained neurons in the schizophrenic
group was highly significant (488 compared with 618; 21%
reduction; P = 0.005).

Glia

Methods

For the glia study (Radewicz et al. 2000) eight schizophren-
ics and 10 controls were used. The mean age of the schizo-
phrenics was 80 (range 65-89) and of the controls 72 (range
55-90). Neuropathological examination was carried out in
each case. Parkinson and Huntington diseases were
excluded on clinical history and by examination of the sub-
stantia nigra and caudate nucleus. Possible Alzheimer dis-
ease was assessed by clinical history, macroscopic
examination of the brain, and a modified CERAD procedure
(Mirra et al. 1991) using immunocytochemical screening of
sections from cingulate, hippocampal, frontal, occipital and

Fig. 4 Micrograph of schizophrenic orbitofrontal cortex labelled for
kainate receptor.
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parietal cortex for plaques and tangles with antibodies
against f-amyloid protein (1E8) and Tau protein (ATS8).
Three brains with histological evidence of Alzheimer disease
were excluded from the quantitative study.

Cortical blocks were removed from frontal area 9 and
temporal area 22 (Brodmann, 1909/2006) of both hemi-
spheres and fixed in 4% paraformaldehyde or 10% for-
malin. Sections were cut at 20 um, mounted and
incubated with the primary antibody solution. A poly-
clonal rabbit anti-bovine antibody against glial fibrillary
acidic protein (GFAP) (Dako; 1 : 800) was used to visualize
astroglia, and a monoclonal anti-HLA-DR antibody (LN-3,
ICN; 1:5) for microglia. A standard ABC (Vectastain) rou-
tine was then followed. The reaction product was visual-
ized with a solution of diaminobenzidine, cobalt chloride
and hydrogen peroxide (Fig.5). Separate sections were
stained with cresyl fast violet to determine cortical cytoar-
chitecture and thickness.

Microglia

The laminar distribution of microglia in controls was similar
in areas 9 and 22, with a similar numerical density in cortical
layers -V and a significantly greater density in layer VI and
into white matter. In both areas, significant increases in mi-
crogliosis were observed in the schizophrenic group (Figs 5
and 6). In area 9 there was a 28% increase in microglia in
schizophrenics (115 cells mm™2) vs. controls (89). In area 22,
the increase was even greater, at 57% (139 cells mm~2 in
schizophrenics vs. 88 in controls). A comparison of microgli-
al density in individual layers showed that in both areas it

Fig. 5 GFAP staining for astroglia (A,B) and
LN3 staining for microglia (C,D) in layer IIl of
the temporal cortex of control (A,C) and
schizophrenic (B,D) subjects. Scale

bar = 40 um. There is no obvious astrogliosis
in schizophrenia, but there is microgliosis.
From Radewicz et al. (2000).
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Fig. 6 Significantly increased microglial numerical density in frontal
and temporal, but not in cingulate, cortex in schizophrenia. Student’s
t-test for independent variables: *P < 0.05; **P < 0.01. From
Radewicz et al. (2000).

was evident for all layers in the schizophrenic group. In area
22, increases were highly significant (67% for layer |, 68%
for layer Il, 70% for layer Ill, 65% for layer IV, 53% for layer
V and 35% for layer VI). We found no differences in microg-
lial density or laminar distribution between hemispheres for
either diagnostic group.
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So, the greatest microgliosis in schizophrenics was in tem-
poral cortex where the density was similar to that in Alzhei-
mer disease. However, in our cases with diagnosed
Alzheimer disease, not used for quantification, the micro-
glia had an ‘activated’ morphology with an enlarged cell
body and thickened, elongated processes. ‘Resting’ micro-
glia, with small oval cell bodies and multiple long, thin pro-
cesses, were evident throughout the cortex of controls.
Microglia in schizophrenic cortex resembled those in the
controls. Thus, although the number of microglia was
greatly increased in the schizophrenic group, their morphol-
ogy was not drastically altered.

In the control group, a slight increase in microglial den-
sity was evident with increasing age, but no correlation
between microglia and age was found in schizophrenics.
Because there was a significant difference in PMI between
schizophrenics and controls, microglial numerical density
was compared with PMI, but no significant correlation
between the two was found for either the control or
schizophrenic groups. Total cell density in area 22 was
quantified to assess whether neuronal changes might
account for increase in microglial density in schizophrenics:
only area 22 was assessed, as the most significant alterations
in microglia were in this area. There were no significant dif-
ferences between schizophrenics and controls in total cell
density in either hemisphere. Microglia constituted 7% of
the total cell population for controls and 12% for schizo-
phrenics. Thus it appears that the microglial increase in
schizophrenic temporal cortex was a singular event and not
associated with changes in other cortical cell densities.

Astroglia

Although not quantified, GFAP revealed astroglial cell
bodies and processes of similar morphology and with no
obvious differences in numerical density or in individual lay-
ers in control and schizophrenic cases in frontal and tempo-
ral cortex (Fig.5). In cases with Alzheimer pathology,
astroglia appeared larger with more processes throughout
the cortex.

Discussion

We described exuberant spine production in human perina-
tal cortex (Michel & Garey, 1984; Fig. 1). Apical dendrites of
layer Il pyramidal neurons in primary visual cortex undergo
considerable changes in the late neonatal and early postna-
tal period. At 33 weeks of gestation we found narrow den-
dritic shafts with a few hair-like spines. Three months
postnatally there were thicker shafts with numerous bul-
bous spines. At 5 months, spines reached their highest den-
sity, and only at 21 months postnatally did they return to
perinatal levels.

In schizophrenia we found a consistent and significant
reduction in the number of dendritic spines on pyramidal
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neurons of which the soma was in layer lll, which take part
in corticocortical connectivity. Spines are known to be
highly dynamic and able to grow, change shape and retract
according to local neural activity (Amaral & Pozzo-Miller,
2009). Measurements in temporal and frontal association
cortex showed the greatest reduction in spine number
(Fig. 3). Essentially similar results were reported by Glantz &
Lewis (2000) for prefrontal area 46. Kolluri et al. (2005) have
since demonstrated that reduction in spine density on pyra-
midal neurons in prefrontal cortex in schizophrenia is spe-
cific to layer Il with little or no change in other layers.
Notably, the total number of layer Il pyramidal neurons
does not appear to be reduced in schizophrenia, although
packing density is increased, so the implication is that lower
densities of dendritic spines reflect lower numbers per neu-
ron, and thus reduced neuropil (Dorph-Petersen et al.
2009), support for the ‘reduced neuropil hypothesis’ of Se-
lemon & Goldman-Rakic (1999).

As a reduction in the number of spines has been reported
in the cerebral cortex of elderly subjects (Scheibel et al.
1975), we took the effect of age into consideration by com-
paring the schizophrenics as a group with age-matched
controls, and by comparing matched pairs of schizophrenics
and controls. We found no evidence that low spine counts
in schizophrenia were related to age, compared with a nor-
mal population.

Schizophrenics are more likely to develop Alzheimer dis-
ease than the general population (Prohovnik et al. 1993),
and a decreased spine density has also been reported in
Alzheimer disease (Mehraein et al. 1975; Catala et al. 1988;
el Hachimi & Foncin, 1990). Our calculation of two of these
results (Mehraein et al. 1975; Catala et al. 1988) showed
means of 335-652 spines mm~' of apical dendrite in con-
trols and 228-364 in patients with Alzheimer disease. Thus,
mean spine densities in Alzheimer disease were much
higher than that of our schizophrenics and suggest that
their decreased spine density was not due to concomitant
Alzheimer disease.

Neuroleptics may have toxic effects in animals (Sommer
& Quandt, 1970), and this might lead to loss of dendritic
spines (Benes et al. 1985) in some areas but not in others
(Uranova et al. 1991). Several of the patients described
here were not on neuroleptic treatment but still had low
spine counts. The effect of altered social environment
must also be considered. The schizophrenics had spent
long periods in institutions, compared with controls from
relatively rich social environments. The effects of social
deprivation in humans are unknown, although rats
housed in isolation showed no difference in cortical spine
densities compared to rats kept in a social environment
(Connor & Diamond, 1982). Other factors which could
affect spine density in schizophrenics include the effects
of alcohol (Ferrer etal. 1986), but this can be docu-
mented and does not concern the in-patient population
described here.
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Postmortem delay could result in tissue damage and loss
of dendritic spines, but we found no relationship between
PMI and the number of spines. Also, the Golgi technique
may only partially impregnate some neurons. This was over-
come as far as possible by following strict criteria for select-
ing and analysing cells and using similar technical
procedures in all cases. To avoid the difficulties of counting
spines in front of and behind the dendritic shafts, we only
counted those in the clear zones of neuropil flanking the
shafts. It follows that such counts are underestimates of the
true population. However, as a common procedure was
used in all brains, the results should be consistent in relation
to each other and truly reflect differences between schizo-
phrenic and non-schizophrenic brains. Other difficulties
experienced in the counting of spines included detection of
two separate but closely spaced spines, spines lying close to
the parent dendrite and the detection of weakly stained
spines. These difficulties were minimized by counting at
high magnification and following strict criteria across all
samples. Variability between individual cells was minimized
by taking the mean value of 10 cells in each block.

There was no obvious difference between left and right
hemispheres in terms of spine loss. This is consistent with
some imaging studies of schizophrenics, which showed no
difference in reduction in cortical volume between left and
right sides (Suddath et al. 1989; Zipursky et al. 1992), but is
in contrast to the results of other studies, which showed
that the left hemisphere was more affected by structural
and functional abnormalities (Crow et al. 1989). The vari-
ability between individual brains could reflect individual
differences in brain structure and the heterogeneity of
schizophrenia (Liddle et al. 1992). A further stage of the
analysis of the present results should relate the spine counts
to precise clinical diagnosis, including the prospective neu-
ropsychological data available on these patients.

The nature of the changes which could lead to a schizo-
phrenia-specific spine loss is unknown. Cortical spine densi-
ties increase, and then decrease to the normal adult level
during the first months of life (Michel & Garey, 1984;
Fig. 1), and the reduced spine density in schizophrenia
could be the result of some event at a critical point during
development. Loss of spines on pyramidal neurons could
imply a loss of NMDA receptors which are present on their
dendrites or spines (Petralia et al. 1994). As pyramidal neu-
rons are intercortical association cells (Lund et al. 1975), it is
also possible that communication between neocortical
areas may be disrupted as a result of loss of spines. Spines
may be lost as a result of reduced synaptic transmission,
suggested by a decrease in the synaptic protein synapsin | in
schizophrenic cortex (Browning et al. 1993). Also, afferent
axon terminals may be lost, and we have shown by electron
microscopy ‘naked’ postsynaptic densities on the dendrites
in schizophrenic cortex (Ong & Garey, 1993). There may be
reduced glutamate receptors in schizophrenic cortex: elec-
tron microscopy has shown abnormal excitatory synapses

with vesicles that clump away from unusually short postsyn-
aptic densities where glutamate receptor would be situated
(Ong & Garey, 1993). We also find reduced glutamate
receptor immunoreactivity (Von Bussmann et al. 1996;
Garey et al. 2006), and expression of glutamate receptor
gene is reduced in hippocampus (Harrison et al. 1991).
Excessive pruning of prefrontal synapses, perhaps involving
excitatory glutamatergic inputs to pyramidal neurons, has
been suggested as a possible aetiological factor in schizo-
phrenia (Keshavan et al. 1994). Fewer dopaminergic fibres
innervate pyramidal cells in the cingulate cortex of schizo-
phrenics, while more innervate GABAergic non-pyramidal
cells (Benes et al. 1995). As spines of pyramidal cells receive
dopaminergic synapses as well as glutaminergic ones (Smi-
ley et al. 1992), it is possible that spine loss accounts for at
least some of the lost dopaminergic innervation.

There have been suggestions that certain cortical cells, in
particular GABAergic neurons, may migrate abnormally in
schizophrenia (Akbarian et al. 1993). However, we were
unable to detect any change in cell numbers, density or dis-
tribution for GABAergic neurons in schizophrenia (Leclercq
et al. 1996; Leclerq et al. 1998).

We also investigated possible astroglial or microglial
changes associated with schizophrenia. The study of gliosis
in schizophrenia has centred largely on histological studies
classing all glial types together, or has focused on astroglio-
sis. We categorized sub-types using immunocytochemical
techniques. We found an increase in HLA-DR immunoreac-
tive microglia in frontal and temporal cortex of chronic
schizophrenics (Radewicz et al. 2000), with more marked
increases in the temporal. Microglia are sensitive markers
for the condition of neurons in their close proximity (Streit,
1996). Their morphology can indicate subtle alterations,
injury or aberrant functioning of neurons. Tissue damage
produces microglial activation characterized by a graded
series of responses. First, microglia proliferate at the site of
injury. Secondly, they alter their morphology to become
activated cells. Ultimately, the cells may become amoeboid
and phagocytic.

In schizophrenics, proliferation of microglia in frontal
and temporal cortices could be attributed to several factors.
One, which is consistent with a developmental hypothesis
of schizophrenia, is a response to perinatal injury, following
which increased numbers of microglia might remain in the
adult grey matter. They could serve a continued neuropro-
tective function for neighbouring neurons. They might be
associated with the maintenance of altered synaptic con-
nectivity, such as the decreased number of dendritic spines
on pyramidal cells that we describe here, as microglia have
been shown to remodel the CNS (Gehrmann et al. 1993).
One might postulate that the disease may be due to an
early or even congenital error or insult that could mobilize
microglia to help protect non-affected neurons: ‘damage
limitation’. An elevated microglial number might then per-
sist into adult life. Microglia may regulate malfunctioning
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synaptic mechanisms in the cortex in many ways. Important
questions are whether remodelling of dendritic spines is a
continuous process in schizophrenia or merely the reflection
of an earlier event, and whether the observed increase in
microglia is present at the onset of the disease or progresses
during the course of the illness. Recent results would tend
to confirm the lack of astrogliosis in schizophrenia, and that
there is microgliosis (Wierzba-Bobrowicz et al. 2005), at
least in some cases such as suicides (Bernstein et al. 2009).
However, none of our subjects died from suicide.

Our results support the concept of a neurodevelopmental
deficit in schizophrenia, particularly in glutamatergic neu-
rons, involving subtle alterations to neuropil microcircuits
rather than neuronal number or position. It remains to be
determined whether sub-syndromes of the disease affect
different areas of cortex or are associated with different
degrees of change.
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