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Abstract

Nearly sixty years ago Seymour Kety proposed that research on genetics and brain pathology but 

not on neurochemistry would ultimately lead to an understanding of the pathophysiology of 

schizophrenia. This Perspective will demonstrate how prescient Kety’s proposal was as advances 

in research on brain structure and on genetics have shaped our current understanding of the 

pathophysiology of schizophrenia. Brain imaging techniques have shown that schizophrenia is 

associated with cortical atrophy and ventricular enlargement, which progresses for at least a 

decade after the onset of psychosis. Cortical atrophy correlates with negative symptoms and 

cognitive impairment but not with psychosis in schizophrenia. Studies with the Golgi staining 

technique that illuminates the entire neuron indicate that cortical atrophy was due to reduced 

synaptic connectivity on the pyramidal neurons and not due to actual loss of neurons. Results of 

recent genetic studies indicate that several risk genes for schizophrenia are within two degrees of 

separation from the N-methy-D-aspartate (NMDA) receptor, a subtype of glutamate receptor that 

is critical to synapse formation and synaptic plasticity. Inactivation of one of these risk genes 

encoding serine racemase, which synthesizes D-serine, a co-agonist of the NMDA receptor, 

reproduces the synaptic pathology of schizophrenia. Thus, widespread loss of cortical synaptic 

connectivity appears to be the primary pathology in schizophrenia that is driven by multiple risk 

genes that adversely affect synaptogenesis and maintenance as hypothesized by Kety.

Introduction

It may be useful to reflect on the origins of the concepts that implicitly guide scientific 

enquiry as they are often obscured by the slow, incremental nature of scientific advances, 

especially in the realm of neuroscience. Nearly sixty years ago, Seymour Kety published 

back-to-back lead review articles in Science on the “Biochemical Theories of 

Schizophrenia” (1, 2). In spite of the title, his interpretation of the impact of biochemical 

research was quite pessimistic,, noting that because of the likely heterogeneity of the 

schizophrenia, the impact of nutritional deficiencies and the effects of drugs, the findings 

were neither coherent nor convincing. Rather, he focused on the promise of genetic 

approaches and presented a meta-analysis of twin studies published thus far, which revealed 

a concordance rate for schizophrenia in identical twins with one affected twin being 86% 

whereas the concordance rate in fraternal twins being equivalent to that observed in siblings, 

approximately 12–18%. Suggesting that the likely consequence of genetic risk factors was to 

“determine inappropriate connections”, he concluded that “the physiologic psychologist, the 

neuropsychologist or the anatomist is likely to find meaningful information long before the 
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biochemist does.” Thus, he was prescient in proposing a “connectionist” theory of 

schizophrenia.

Given the dominance of the psychoanalytic paradigm In American Psychiatry at that time, 

considerable reservations were expressed about the heritability of schizophrenia, particularly 

based on studies utilizing the twin study design: identical twins would be expected to be 

subject to serious problems with personal identity, a core psychoanalytic feature of 

schizophrenia (3). Kety rose to this challenge and carried out an heroic “cross-fostering 

study”, considered to be de riguer in animal studies for disentangling gene-environmental 

interactions. Exploiting the Danish medical registry, which maintained detailed medical 

records of the diagnoses and treatment of all residents of Denmark, he and his colleagues 

compared the diagnoses of offspring of schizophrenics adopted into homes of ”normal” 

parents to offspring of “normal” parents adopted into homes with a schizophrenic parent in 

the city of Copenhagen (4). Chi square analysis revealed a significantly greater prevalence 

of psychopathology (schizophrenia and latent schizophrenia) in the adoptees born of a 

schizophrenic parent but raised by “normal” parents. A follow-up study carried out two 

decades later that used the entire Danish population confirmed the results of the prior 

smaller Copenhagen study in showing a 10-fold greater prevalence of chronic schizophrenia 

in biologic relatives of the adoptees from a schizophrenic parent than from “normal” 

biologic parents (5).

Neuropathology

If schizophrenia is indeed a brain disorder with substantial genetic influences, studies should 

focus on the brain itself to determine how the brains of individuals with schizophrenia differ 

from those without psychopathology or comparable psychopathology. However, after nearly 

a century of studies since Kreapelin first proposed schizophrenia (dementia praecox) to be a 

brain disorder (6), the results of neuropathologic studies, so revealing in Alzheimer’s ’s 

dementia and Parkinson’s Disease, were contradictory, inconsistent or unremarkable (7), 

leading the eminent neurologist Fredrick Plum (8) to opine that schizophrenia was the 

“graveyard of neuropathology”. The failure to identify a consistent pathology could have 

stemmed from the inability of vital stains, which are most effective in illuminating the 

nucleus and cell body of neurons, to reveal alterations in synaptic structure. Other 

limitations of neuropathologic studies include selection bias of subjects with schizophrenia 

at end of their lives with confounding substance abuse, poor hygiene and dietary 

deficiencies common to the severely mentally ill and the small number of subjects in 

individual studies, which precluded statistical comparisons.

The development of brain imaging technology provided a way forward for non-invasive 

visualization of the brain in living subjects, thus dramatically enlarging the number of 

subjects able to be studied and permitting careful patient selection that reduced the 

confounds from which post-mortem studies suffered. These methods included structural 

[computer assisted tomography (CAT) and magnetic resonance imaging (MRI)], functional 

brain imaging with Positron Emission Tomography (PET) and functional magnetic 

resonance imaging (fMRI) and brain chemical analysis with Magnetic Resonance 

Spectroscopy (MRS). The path-breaking CAT scanning study of Johnstone et al (8) revealed 
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significant ventricular enlargement in a cohort of subjects with schizophrenia as compared 

to controls. This finding confirmed the results of prior pneumoencepholographic studies, in 

which the ventricles are drained of cerebrospinal fluid and filled with air in order to 

visualize them with a standard x-ray of the brain, thereby revealing the enlarged ventricles in 

schizophrenia. (9,10). Subsequently, van Horn and McManus (11) carried out a multivariant 

meta-analysis of 39 MRI studies of ventricular size, which used ventricular brain ratio 

(VBR) as the measure. While the average VBR declined with later studies of schizophrenia, 

they confirmed that VBR enlargement is an “indisputable characteristic of schizophrenia”; 

however, the difference from that of controls is sufficiently small so as preclude its 

diagnostic utility in individual subjects.

Given the fixed volume of the cranium, it is logical that increased VBR in schizophrenia 

would be associated with comparable volume reduction in some components of the brain. 

Numerous studies utilizing quantitative MRI reported loss of volume of cortical sub-regions 

such as the temporal and prefrontal cortices in schizophrenia (12). Kuperberg et al. (13) used 

high resolution MRI to show that cortical thinning was not restricted to these two regions 

but rather was widespread. Furthermore, comparisons of patients early in the course of 

schizophrenia to those late in the course as well as prospective studies involving repeated 

MRIs demonstrated that ventricular enlargement and cortical atrophy are progressive, at 

least during the first ten years after onset of psychosis (14). Severity of cortical atrophy at 

the onset of psychosis as assessed by reduced gyrification predicts poor response to 

antipsychotic treatment (15). Evidence accumulated that antipsychotic treatment itself may 

contribute to the loss of grey matter over and above that which is part of the underlying 

pathology of schizophrenia (15).

The compelling evidence that brain volume is already significantly reduced at the onset of 

psychosis (16) as well as the progressive loss of grey and white matter after onset of 

psychosis in schizophrenia (14) raises the question whether schizophrenia is a 

neurodegenerative disorder. Stereologic cell counting techniques as well other assessments 

of neuronal loss have not demonstrated neuronal loss in the cortex or hippocampus in 

schizophrenia, at least not commensurate with the degrees of atrophy (17, 18). Rather, 

increased cell packing density, reduced neuronal somal size and, in the case of Golgi studies, 

reduced dendritic complexity and reduced spine density have been documented in diverse 

cortical areas including prefrontal cortex, auditory cortex and hippocampus (21–23). 

Consistent with the inference that the onset of atrophy commences in the mature brain is the 

observation that skull size does not differ between adult controls and subjects with 

schizophrenia (24). In contrast, the mediodorsal nucleus of the thalamus, which projects to 

the frontal cortex, and anteroventral-anteromedial nuclei of the thalamus, which project to 

the cingulate and entorhinal cortices, both exhibit substantial neuronal loss in schizophrenia 

(24, 25). Since an absolute reduction in dendritic spines has been described in the prefrontal 

cortex, the question remains open as to whether this spine loss is secondary to the loss of 

projecting thalamic neurons or whether the thalamic neurons die as a consequence reduced 

post-synaptic access.

Two recent technical and conceptual advances in magnetic resonance imaging that together 

shed light on reduced synaptic connectivity in schizophrenia are diffusion tensor imaging 
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(DTI) and default mode imaging. DTI is based upon fractional anisotropy (FA), a measure 

of the degree to which water diffusion is directionally hindered in white matter tracts as a 

measure myelin integrity (26). Although there is some variation among studies, significant 

FA reductions are widespread in cortex including the cingulate bundle, the corpus callosum, 

the frontal cortex and the temporal cortex (27). FA reductions are present at first episode of 

psychosis but appear to progress over the course of the disorder (28).

Default mode imaging refers to an fMRI method according to which regional brain activity 

is correlated when the subject is conscious but at rest, there by revealing “default” networks 

(29). Regional correlations can be generated by selecting a reference region (“seed”-based) 

or in an unbiased manner by using principal component analysis. There is general agreement 

that individuals with schizophrenia have impairments in deactivating the default mode 

network when performing mental tasks (30). Altered patterns of network connectivity in 

schizophrenia have been demonstrated, although the results remain inconsistent. But, the 

application of graph theoretical analysis to structural network data in schizophrenia has 

revealed broad network inefficiency, pointing to disturbed integration among brain regions 

(31).

Neurochemistry

Studies of the neurochemistry of the post-mortem brain in schizophrenia began over forty 

years ago as this approach successfully illuminated the selective neuropathology of 

Parkinson’s disease and Huntington’s Disease (32). Early on, deficits in pre-synaptic 

GABAergic markers were reported although it was unclear if this was the result of the 

disease itself or agonal processes (33). Similarly, one of the most replicable findings was the 

up-regulation of dopamine D2-receptors although this was likely the consequence of 

treatment with antipsychotic drugs (34). By the end of the 20th century, as reviewed in detail 

by Harrison (35), there was of paucity replicable neurochemical findings in schizophrenia, 

consistent with Kety’s concern.

With development of multiple methods for measuring gene expression and the expansion of 

brain banks with standardized collection techniques, the last 15 years have yielded a body of 

consistent results that exhibit agreement across modes of analysis including quantitative 

neurochemistry, in situ hybridization, immunocytochemistry and DNA chip array. For 

example, several groups have developed internally consistent evidence of a down-regulation 

of pre-synaptic markers for the fast-firing parvalbumin expressing GABAergic neurons and 

up-regulation of its post-synaptic GABAA receptors indicative of reduced GABAergic 

recurrent inhibition of pyramidal neurons (36). With the appreciation of the spine loss in 

schizophrenia, studies have begun to focus on components of the glutamatergic synapse in 

cortico-limbic regions of the schizophrenic brain. In their comprehensive and critical review, 

McCullumsmith et al. (37) point-out the inconsistent data in the assessment of AMPA 

receptor trafficking, NMDA receptors subunit levels and PSD-95 and associated proteins of 

the glutamatergic synapse in contrast to the above described pathology of the parvalbumin-

positive GABAergic neurons.
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Genetics

Most of the early studies of the genetics of schizophrenia focused on putative risk genes 

identified by post-mortem neurochemical findings or pathways related to the dominant 

hypothesis of pathophysiology based on D2-dopamine receptor blocking action of 

antipsychotic drugs. For example, using the case control method, several studies involving at 

most hundreds of subjects implicated dopamine receptors D2, D3 and D4 as risk genes for 

schizophrenia while others contradicted these results (38–41). The contradictory results 

emanating from these early studies stemmed from multiple problems: biased selection of 

genes, underpowered studies leading to type 1 errors and publication bias where negative 

findings were either not submitted to journals or were denied publication.

With the completion of the sequencing of the human genome in 2001, the ability to carryout 

molecular genetic studies to identify genes that confer risk for disorders such as 

schizophrenia in an unbiased fashion was greatly facilitated (42). Initial studies exploited 

linkage analysis, looking for significant associations of identifiable markers located 

randomly on the genome with the disorder in multi-generational families having several 

affected individuals (for example, 43). As the sequence variation of the human genome 

became better characterized, the distribution single nucleotide polymorphisms (SNPs) and 

microsatellites (short repeated DNA sequences) were mapped on the chromosomes. 

However, the much greater frequency of SNPs, which occur at the rate of one in every 1,000 

base pairs, and the lower risk of mutation because SNPs involve a single base substitution, 

led to SNP dominance over microsatellites for association studies (44).

Although there was little evidence for Mendelian inheritance of schizophrenia, it became 

apparent that on rare occasions highly penetrant mutations, often de novo, were associated 

with schizophrenia (45). These mutations are the result of deletion or replication of 

kilobases of DNA including multiple genes. This type of mutation has been designated a 

“copy number variant” (CNV). The same CNV has been associated with autism and 

schizophrenia as indicated by studies of carriers of the 22q11.2 deletion (46). Kirov et al. 

(45) sequenced the CNVs involving nearly eight thousand subjects with schizophrenia. They 

found that the CNVs were highly significantly enriched with genes encoding proteins 

localized to the glutamatergic synapse and its post-synaptic density.

One study reported a much lower prevalence of CNVs in bipolar disorder as compared to 

schizophrenia. (47). Green et al. (48) reported that three large CNVs associated with 

schizophrenia were also found in a sample of 2591 bipolar subjects although their analysis 

supported the prior finding of a substantially reduced prevalence of large CNVs in bipolar 

disorder. This evidence of shared mutations between schizophrenia and bipolar disorder is 

consistent with evidence of increased risk for either disorder in probands diagnosed with 

either disorder (49). Furthermore, a recent Golgi staining study has shown that 

schizophrenia and bipolar disorder share virtually the same dendritic spine pathology in the 

dorsal lateral prefrontal cortex (50). Consistent with this evidence of pyramidal neuronal 

atrophy in both bipolar disorder and schizophrenia, Pearlson et al. showed that enlargement 

of the lateral ventricles also occurred in bipolar disorder and was associated with frequent 

hospitalizations and persistent unemployment. (51).
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To avoid the biases of candidate gene studies, the hazards of false positives and publication 

bias of under-powered studies (meta-analyses of underpowered studies can yield spuriously 

highly significant results because of non-inclusion of unpublished negative studies), 

geneticists interested in psychiatric disorders have advocated for sufficiently powered 

genome-wide association studies so that risk genes could achieve the high statistical 

threshold required: 5X10−8. The Schizophrenia Working Group of the Psychiatric Genomics 

Consortium carried out a genome-wide association study (GWAS) comprised of nearly 

37,000 cases and over 110,000 controls and identified 108 loci that met genome-wide 

significance (51). Associations were enriched with genes expressed primarily in the brain, 

especially those associated with NMDA receptor neurotransmission or its down-stream 

mediators. Thus, the findings from the GWAS are consistent with the gene analysis of the 

CNVs associated with schizophrenia. In addition, the locus with the most robust association 

with schizophrenia is situated in genes encoding the major histocompatibility complex.

The question then arises as to how these risk genes for schizophrenia might be related to the 

dendritic pathology and reduced cortical connectivity characteristic of schizophrenia. 

Studies have been carried out in mice in which individual genes have been inactivated to 

document their roles in glutamatergic synapse formation and their use-dependent 

modification. It should be emphasized that glutamatergic synapses are structurally quite 

dynamic as a reflection of their activity, which has been elegantly demonstrated in vivo with 

two-photon confocal microscopy in transgenic mice expressing green fluorescent in 

pyramidal neurons (52, 53).

Balu et al. (54) showed that genetically silencing in mice the gene encoding serine racemase 

(SR), a risk gene identified in the large GWAS (50), results in a phenotype that closely 

replicates many aspects of schizophrenia including reduced dendritic length, reduced spine 

density, ventricular enlargement, cortical atrophy, down regulation of the cortical fast-firing 

parvalbumin-postive GABAergic interneurons and cognitive impairments. In mice with SR 

constitutively silenced, sub-chronic treatment of adult SR−/− mice with doses of D-serine 

that normalize their cortico-hippocampal D-serine levels restores trophic factor markers and 

transcriptional down-stream to the NMDA receptor corrects cognitive deficits and partially 

restores spine density (55). The dendritic deficits are also observed in mice in which SR is 

conditionally silenced in glutamateric neurons in forebrain in late adolescence (56). Thus, 

NMDA receptor hypofunction in cortico-limbic brain regions caused by the lack of D-serine 

replicates those aspects of schizophrenia associated with negative symptoms and cognitive 

impairments (57). Furthermore, these seemingly irreversible structural brain changes due to 

congenital NMDA receptor hypofunction may be corrected with restoration NMDA receptor 

function in adulthood (55).

SR stands at the apex of a family of risk genes for schizophrenia that are within two degrees 

of separation from the NMDA receptor (Figure 1). For example, the kinase, Akt3 is a major 

regulator in the class I PI3 kinase pathway, and is activated in neurons by phosphorylation 

as a consequence of NMDA receptor activity. Silencing Akt3 expression in neurons 

adversely affects neuronal survival and axon extension (58). Notably, the activation of Akt, 

a risk gene for schizophrenia, is reduced in SR knockout mice, pointing to potential of 

epistatic interactions of two risk genes (55).
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Mice, in which the gene encoding the NR2A subunit, GluN2A, another risk gene, was 

silenced, exhibited reduced LTP and impaired spatial learning (59). Silencing the gene 

encoding PSD-93 (DLG1) elevates the threshold for LTP (60) whereas silencing DLG2, 

which encodes synapse-associated protein with a molecular weight of 97 kDa (SAP-97), has 

negligible effects on glutamatergic neurotransmission or LTP (61). Interestingly, SAP-97 

plays an important role in the trafficking to the synaptic membrane the AMPA receptor 

subunit, GlurR1, which is encoded by the schizophrenia risk gene, GRAI1. Silencing 

GRAI1 itself causes a profound deficit in spatial memory and impaired LTP at the CA3-

CA1 synapse (62). Thus, the products of two schizophrenia risk genes directly interact. 

Although mice with GRM3 silenced exhibited profound memory impairments including 

spatial, contextual and working memory, there was no abnormality in LTP at the CA2-CA1 

synapse (63).

Except for CNVs, there is little evidence of Mendelian-type risk genes that alone are 

causative of schizophrenia. Rather, multiple genes of modest effect interact with the 

environment to produce the schizophrenia phenotype; and no risk gene accounts for more 

than 5 percent of imputed risk (51). However, it is likely that epistasis, gene-gene 

interactions, plays an important role with regard to the 108 risk sites for schizophrenia on 

the human genome. For example, Huang et al. (64) found that mice heterozygous for two 

schizophrenia risk genes, Akt1 and NRG, exhibited social impairments whereas mice 

heterozygous for either null mutation did not exhibit such a phenotype. In this context, it is 

noteworthy that the most robust phenotype resembling schizophrenia in those genes 

clustered around the NMDA receptor results from silencing SR (55). So, even though 

glycine can substitute for D-serine at the GMS on the NMDA receptor, it appears that such a 

“work around” is not particularly effective in the cortex and hippocampus. But, the SR−/− 

phenotype underlines the likely substantial impact of epistasis of allelic variants of risk 

genes surrounding the NMDA receptor.

Conclusion

Seymour Kety (1, 2) was prescient in proposing nearly 60 years ago that studies of brain 

structural pathology and genetics together would provide the most productive way forward 

in understanding the cause of schizophrenia. Not surprisingly, many of the risk genes for 

schizophrenia play a critical role in glutamatergic synaptogenesis and neuroplasticity (65), 

thereby affecting cortical connectivity. Inactivation of one of these genes, SR, causes an ~35 

percent reduction in cortical glutamatergic synapses similar to what is inferred from the 

results of Golgi staining studies of schizophrenia (19–21). Since cortical atrophy and 

ventricular enlargement in schizophrenia correlate significantly with negative symptoms and 

cognitive deficits but not with psychosis (66, 67), these cognitive and motivational 

symptoms appear to be much more central to the cause of schizophrenia than psychosis. 

Thus, the dopamine hypothesis of schizophrenia, which is directly linked to the 

antipsychotic effects of dopamine D-2 antagonists, has lost salience as primary explanatory 

etiology of schizophrenia. Pharmacologic interventions targeted at modifying glutamatergic 

neurotransmission now represent prominent strategies for developing treatments that would 

address the cognitive and negative symptoms of schizophrenia (68). Given the fact that 

psychosis is a “down-stream” consequence of cortical dysfunction in schizophrenia, it is 
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likely that such treatments would also have antipsychotic effects. Thus, there is hope that 

glutamatergic treatments, likely coupled with cognitive interventions, may prove to be not 

simply symptomatic but rather truly restorative of cortical connectivity.

Acknowledgments

JTC receives research support from the National Institutes of Health with grants R01MH05190 and P50MH0G0450 
and DTB with K99MH099252-01. JTC reports consulting for Forum Pharmaceutical, Novartis and AbbVie in the 
last three years.

References

1. Kety SS. Biochemical theories of schizophrenia. I. Science. 1959; 129:1528–32. [PubMed: 
13658985] 

2. Kety SS. Biochemical theories of schizophrenia. II. Science. 1959; 129:1590–6. [PubMed: 
13668503] 

3. Freeman T. On Freud’s Theory of Schizophrenia. Int J Psycho-Anal. 1977; 58:383–388.

4. Wender PH, Rosenthal D, Kety SS, Schulsinger F, Welner J. Crossfostering. A research strategy for 
clarifying the role of genetic and experiential factors in the etiology of schizophrenia. Arch Gen 
Psychiatry. 1974; 30:121–8. [PubMed: 4808731] 

5. Kety SS, Wender PH, Jacobsen B, Ingraham LJ, Jansson L, Faber B, Kinney DK. Mental illness in 
the biological and adoptive relatives of schizophrenic adoptees. Replication of the Copenhagen 
Study in the rest of Denmark. Arch Gen Psychiatry. 1994; 51:442–55. [PubMed: 8192547] 

6. Lehmann HE, Ban TA. The history of the psychopharmacology of schizophrenia. Can J Psychiatry. 
1997; 42:152–62. [PubMed: 9067064] 

7. Corsellis, JAN. Psychoses of obscure pathology. In: Blackwood, W.; Corsellis, JAN., editors. 
Greenfield’s neuropathology. 3. London: Edward Arnold; 1976. p. 903-15.

8. Plum F. Prospects for research on schizophrenia. 3. Neurophysiology. Neuropathological findings. 
Neurosci Res Program Bull. 1972; 10:384–8. [PubMed: 4663816] 

8. Johnstone EC, Crow TJ, Frith CD, Husband J, Kreel L. Cerebral ventricular size and cognitive 
impairment in chronic schizophrenia. Lancet. 1976; 2(7992):924–6. [PubMed: 62160] 

9. Haug JO. Pneumoencephalographic evidence of brain atrophy in acute and chronic schizophrenic 
patients. Acta Psychiatr Scand. 1982; 66:374–83. [PubMed: 7180560] 

10. Haug JO. Pneumoencephalographic studies in mental disease. Acta Psychiatr Scand Suppl. 1962; 
38:1–104. [PubMed: 13960992] 

11. Van Horn JD, McManus IC. Ventricular enlargement in schizophrenia. A meta-analysis of studies 
of the ventricle:brain ratio (VBR). Br J Psychiatry. 1992; 160:687–97. [PubMed: 1534268] 

12. Harvey I, Ron MA, Du Boulay G, Wicks D, Lewis SW, Murray RM. Reduction of cortical volume 
in schizophrenia on magnetic resonance imaging. Psychol Med. 1993; 23:591–604. [PubMed: 
8234567] 

13. Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F, Goff D, West WC, 
Williams SC, van der Kouwe AJ, Salat DH, Dale AM, Fischl B. Regionally localized thinning of 
the cerebral cortex in schizophrenia. Arch Gen Psychiatry. 2003; 60:878–88. [PubMed: 12963669] 

14. DeLisi LE, Szulc KU, Bertisch HC, Majcher M, Brown K. Understanding structural brain changes 
in schizophrenia. Dialogues Clin Neurosci. 2006; 8 :71–8. [PubMed: 16640116] 

15. Palaniyappan L1, Marques TR, Taylor H, Handley R, Mondelli V, Bonaccorso S, Giordano A, 
McQueen G, DiForti M, Simmons A, David AS, Pariante CM, Murray RM, Dazzan P. Cortical 
folding defects as markers of poor treatment response in first-episode psychosis. JAMA 
Psychiatry. 2013; 70:1031–40. [PubMed: 23945954] 

16. Ho BC, Andreasen NC, Ziebell S, Pierson R, Magnotta V. Long-term antipsychotic treatment and 
brain volumes: a longitudinal study of first-episode schizophrenia. Arch Gen Psychiatry. 2011; 
68:128–37. [PubMed: 21300943] 

Coyle et al. Page 8

Harv Rev Psychiatry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Ren W, Lui S, Deng W, Li F, Li M, Huang X, Wang Y, Li T, Sweeney JA, Gong Q. Anatomical 
and functional brain abnormalities in drug-naive first-episode schizophrenia. Am J Psychiatry. 
2013; 170:1308–16. [PubMed: 23732942] 

18. Selemon LD, Rajkowska G, Goldman-Rakic PS. Abnormally high neuronal density in the 
schizophrenic cortex. A morphometric analysis of prefrontal area 9 and occipital area 17. Arch 
Gen Psychiatry. 1995; 52:805–18. [PubMed: 7575100] 

19. Selemon LD, Rajkowska G, Goldman-Rakic PS. Elevated neuronal density in prefrontal area 46 in 
brains from schizophrenic patients: application of a three-dimensional, stereologic counting 
method. J Comp Neurol. 1998; 392:402–12. [PubMed: 9511926] 

20. Glantz LA, Lewis DA. Decreased dendritic spine density on prefrontal cortical pyramidal neurons 
in schizophrenia. Arch Gen Psychiatry. 2000; 57:65, 73. [PubMed: 10632234] 

21. Konopaske GT, Lange N, Coyle JT, Benes FM. Prefrontal cortical dendritic spine pathology in 
schizophrenia and bipolar disorder. JAMA Psychiatry. 2014; 71:1323–31. [PubMed: 25271938] 

22. Sweet RA, Henteleff RA, Zhang W, Sampson AR, Lewis DA. Reduced dendritic spine density in 
auditory cortex of subjects with schizophrenia. Neuropsychopharmacology. 2009; 34:374–89. 
[PubMed: 18463626] 

23. Pierri JN, Volk CL, Auh S, Sampson A, Lewis DA. Decreased somal size of deep layer 3 
pyramidal neurons in the prefrontal cortex of subjects with schizophrenia. Arch Gen Psychiatry. 
2001; 58:466–73. [PubMed: 11343526] 

24. Rosoklija G, Toomayan G, Ellis SP, Keilp J, Mann JJ, Latov N, Hays AP, Dwork AJ. Structural 
abnormalities of subicular dendrites in subjects with schizophrenia and mood disorders: 
preliminary findings. Arch Gen Psychiatry. 2000; 57:349–56. [PubMed: 10768696] 

25. Buckley PF, Friedman L, Jesberger JA, Schulz SC, Jaskiw G. Head size and schizophrenia. 
Schizophr Res. 2002; 55:99–104. [PubMed: 11955969] 

26. Pakkenberg B. The volume of the mediodorsal thalamic nucleus in treated and untreated 
schizophrenics. Schizophr Res. 1992; 7:95–100. [PubMed: 1355358] 

27. Young KA, Manaye KF, Liang C, Hicks PB, German DC. Reduced number of mediodorsal and 
anterior thalamic neurons in schizophrenia. Biol Psychiatry. 2000; 47:944–53. [PubMed: 
10838062] 

28. Shizukuishi T, Abe O, Aoki S. Diffusion tensor imaging analysis for psychiatric disorders. Magn 
Reson Med Sci. 2013; 12:153–9. [PubMed: 23857149] 

29. Fitzsimmons J, Kubicki M, Shenton ME. Review of functional and anatomical brain connectivity 
findings in schizophrenia. Curr Opin Psychiatry. 2013; 26:172–87. [PubMed: 23324948] 

30. Voineskos AN, Lobaugh NJ, Bouix S, Rajji TK, Miranda D, Kennedy JL, Mulsant BH, Pollock 
BG, Shenton ME. Diffusion tensor tractography findings in schizophrenia across the adult 
lifespan. Brain. 2010; 133:1494–504. [PubMed: 20237131] 

31. Whitfield-Gabrieli S, Ford JM. Default mode network activity and connectivity in 
psychopathology. Annu Rev Clin Psychol. 2012; 8:49–76. [PubMed: 22224834] 

32. Karbasforoushan H, Woodward ND. Resting-state networks in schizophrenia. Curr Top Med 
Chem. 2012; 12:2404–14. [PubMed: 23279179] 

33. van den Heuvel MP, Mandl RC, Stam CJ, Kahn RS, Hulshoff Pol HE. Aberrant frontal and 
temporal complex network structure in schizophrenia: a graph theoretical analysis. J Neurosci. 
2010; 30:15915–15926. [PubMed: 21106830] 

34. Young AB, Penney JB. Neurochemical anatomy of movement disorders. Neurol Clin. 1984; 
2:417–33. [PubMed: 6152481] 

35. Spokes EG. GABA in Huntington’s chorea, Parkinsonism and schizophrenia. Adv Exp Med Biol. 
1979; 123:461–73. [PubMed: 160193] 

36. Seeman P. Schizophrenia and dopamine receptors. Eur Neuropsychopharmacol. 2013; 23:999–
1009. [PubMed: 23860356] 

37. Harrison PJ. The neuropathology of schizophrenia. A critical review of the data and their 
interpretation. Brain. 1999; 122 :593–624. [PubMed: 10219775] 

38. McNally JM, McCarley RW, Brown RE. Impaired GABAergic neurotransmission in schizophrenia 
underlies impairments in cortical gamma band oscillations. Curr Psychiatry Rep. 2013; 15:346–
355. [PubMed: 23400808] 

Coyle et al. Page 9

Harv Rev Psychiatry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



39. Hammond JC, McCullumsmith RE, Funk AJ, Haroutunian V, Meador-Woodruff JH. Evidence for 
abnormal forward trafficking of AMPA receptors in frontal cortex of elderly patients with 
schizophrenia. Neuropsychopharmacology. 2010; 35:2110–9. [PubMed: 20571483] 

40. Crocq MA, Mant R, Asherson P, Williams J, Hode Y, Mayerova A, Collier D, Lannfelt L, 
Sokoloff P, Schwartz JC, et al. Association between schizophrenia and homozygosity at the 
dopamine D3 receptor gene. J Med Genet. 1992; 29:858–60. [PubMed: 1362221] 

41. Arinami T, Itokawa M, Enguchi H, Tagaya H, Yano S, Shimizu H, Hamaguchi H, Toru M. 
Association of dopamine D2 receptor molecular variant with schizophrenia. Lancet. 1994; 
343:703–4. [PubMed: 7907680] 

42. Weiss J, Mägert HJ, Cieslak A, Forssmann WG. Association between different psychotic disorders 
and the DRD4 polymorphism, but no differences in the main ligand binding region of the DRD4 
receptor protein compared to controls. Eur J Med Res. 1996 Jun 25; 1(9):439–45. [PubMed: 
9353244] 

43. Sommer SS, Lind TJ, Heston LL, Sobell JL. Dopamine D4 receptor variants in unrelated 
schizophrenic cases and controls. Am J Med Genet. 1993; 48:90–3. [PubMed: 8103294] 

44. Collins FS. Sequencing the human genome. Hosp Pract. 1997; 32:35–43.

45. Millar JK, Wilson-Annan JC, Anderson S, Christie S, Taylor MS, Semple CA, Devon RS, St Clair 
DM, Muir WJ, Blackwood DH, Porteous DJ. Disruption of two novel genes by a translocation co-
segregating with schizophrenia. Hum Mol Genet. 2000; 9:1415–23. [PubMed: 10814723] 

46. Vignal A, Milan D, SanCristobal M, Eggen A. A review on SNP and other types of molecular 
markers and their use in animal genetics. Genet Sel Evol. 2002; 34:275–305. [PubMed: 12081799] 

47. Kirov G, Pocklington AJ, Holmans P, Ivanov D, Ikeda M, Ruderfer D, Moran J, Chambert K, 
Toncheva D, Georgieva L, Grozeva D, Fjodorova M, Wollerton R, Rees E, Nikolov I, van de 
Lagemaat LN, Bayés A, Fernandez E, Olason PI, Böttcher Y, Komiyama NH, Collins MO, 
Choudhary J, Stefansson K, Stefansson H, Grant SG, Purcell S, Sklar P, O’Donovan MC, Owen 
MJ. De novo CNV analysis implicates specific abnormalities of postsynaptic signalling complexes 
in the pathogenesis of schizophrenia. Mol Psychiatry. 2012; 17:142–53. [PubMed: 22083728] 

48. Vorstman JA, Breetvelt EJ, Thode KI, Chow EW, Bassett AS. Expression of autism spectrum and 
schizophrenia in patients with a 22q11.2 deletion. Schizophr Res. 2013; 143:55–9. [PubMed: 
23153825] 

49. Bergen SE, O’Dushlaine CT, Ripke S, Lee PH, Ruderfer DM, Akterin S, Moran JL, Chambert KD, 
Handsaker RE, Backlund L, Ösby U, McCarroll S, Landen M, Scolnick EM, Magnusson PK, 
Lichtenstein P, Hultman CM, Purcell SM, Sklar P, Sullivan PF. Genome-wide association study in 
a Swedish population yields support for greater CNV and MHC involvement in schizophrenia 
compared with bipolar disorder. Mol Psychiatry. 2012; 17:880–6. [PubMed: 22688191] 

50. Green EK, Rees E, Walters JT, Smith KG, Forty L, Grozeva D, Moran JL, Sklar P, Ripke S, 
Chambert KD, Genovese G, McCarroll SA, Jones I, Jones L, Owen MJ, O’Donovan MC, 
Craddock N, Kirov G. Copy number variation in bipolar disorder. Mol Psychiatry. 
201510.1038/mp.2014.174

51. Neale BM, Sklar P. Genetic analysis of schizophrenia and bipolar disorder reveals polygenicity but 
also suggests new directions for molecular interrogation. Curr Opin Neurobiol. 2015; 30:131–8. 
[PubMed: 25544106] 

52. Konopaske GT, Lange N, Coyle JT, Benes FM. Prefrontal cortical dendritic spine pathology in 
schizophrenia and bipolar disorder. JAMA Psychiatry. 2014; 71:1323–31. [PubMed: 25271938] 

53. Pearlson GD, Garbacz DJ, Tompkins RH, Ahn HS, Gutterman DF, Veroff AE, DePaulo JR. 
Clinical correlates of lateral ventricular enlargement in bipolar affective disorder. Am J Psychiatry. 
1984; 141:253–6. [PubMed: 6691489] 

54. Schizophrenia Working Group of the Psychiatric Genomics Consortium. Biological insights from 
108 schizophrenia-associated genetic loci. Nature. 2014; 511:421–7. [PubMed: 25056061] 

55. Engert F, Bonhoeffer T. Dendritic spine changes associated with hippocampal long-term synaptic 
plasticity. Nature. 1999; 399:66–70. [PubMed: 10331391] 

56. Straub C, Sabatini BL. How to grow a synapse. Neuron. 2014; 82:256–257. [PubMed: 24742454] 

Coyle et al. Page 10

Harv Rev Psychiatry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Balu DT, Basu AC, Corradi JP, Cacace AM, Coyle JT. The NMDA receptor co-agonists, D-serine 
and glycine, regulate neuronal dendritic architecture in the somatosensory cortex. Neurobiol Dis. 
2012; 45:671–82. [PubMed: 22024716] 

58. Balu DT, Li Y, Puhl MD, Benneyworth MA, Basu AC, Takagi S, Bolshakov VY, Coyle JT. 
Multiple risk pathways for schizophrenia converge in serine racemase knockout mice, a mouse 
model of NMDA receptor hypofunction. Proc Natl Acad Sci U S A. 2013; 110:E2400–9. 
[PubMed: 23729812] 

59. Balu DT, Coyle JT. Neuronal D-serine regulates dendritic architecture in the somatosensory 
cortex. Neurosci Lett. 2012; 517:77–81. [PubMed: 22521586] 

60. Ho BC, Andreasen NC, Nopoulos P, Arndt S, Magnotta V, Flaum M. Progressive structural brain 
abnormalities and their relationship to clinical outcome: a longitudinal magnetic resonance 
imaging study early in schizophrenia. Arch Gen Psychiatry. 2003; 60:585–94. [PubMed: 
12796222] 

61. Diez H, Garrido JJ, Wandosell F. Specific roles of Akt iso forms in apoptosis and axon growth 
regulation in neurons. PLoS One. 2012; 7:e32715. [PubMed: 22509246] 

62. Sakimura K, Kutsuwada T, Ito I, Manabe T, Takayama C, Kushiya E, Yagi T, Aizawa S, Inoue Y, 
Sugiyama H, et al. Reduced hippocampal LTP and spatial learning in mice lacking NMDA 
receptor epsilon 1 subunit. Nature. 1995; 373:151–5. [PubMed: 7816096] 

63. Carlisle HJ, Fink AE, Grant SG, O’Dell TJ. Opposing effects of PSD-93 and PSD-95 on long-term 
potentiation and spike timing-dependent plasticity. J Physiol. 2008; 586:5885–5900. [PubMed: 
18936077] 

64. Howard MA, Elias GM, Elias LA, Swat W, Nicoll RA. The role of SAP97 in synaptic glutamate 
receptor dynamics. Proc Natl Acad Sci U S A. 2010; 107:3805–10. [PubMed: 20133708] 

65. Schmitt WB, Sprengel R, Mack V, Draft RW, Seeburg PH, Deacon RM, Rawlins JN, Bannerman 
DM. Restoration of spatial working memory by genetic rescue of GluR-A-deficient mice. Nat 
Neurosci. 2005; 8:270–2. [PubMed: 15723058] 

66. Fujioka R, Nii T, Iwaki A, Shibata A, Ito I, Kitaichi K, Nomura M, Hattori S, Takao K, Miyakawa 
T, Fukumaki Y. Comprehensive behavioral study of mGluR3 knockout mice: implication in 
schizophrenia related endophenotypes. Mol Brain. 2014; 7:31–41. [PubMed: 24758191] 

67. Huang CH, Pei JC, Luo DZ, Chen C, Chen YW, Lai WS. Investigation of gene effects and 
epistatic interactions between Akt1 and neuregulin 1 in the regulation of behavioral phenotypes 
and social functions in genetic mouse models of schizophrenia. Front Behav Neurosci. 2015; 
8:455–462. [PubMed: 25688191] 

68. Balu DT, Coyle JT. The NMDA receptor ‘glycine modulatory site’ in schizophrenia: D-serine, 
glycine, and beyond. Curr Opin Pharmacol. 2015; 20:109–15. [PubMed: 25540902] 

69. Keefe RS. Cognition and motivation as treatment targets in schizophrenia. JAMA Psychiatry. 
2014; 71:987–8. [PubMed: 25075711] 

70. Keefe RS, Bilder RM, Harvey PD, Davis SM, Palmer BW, Gold JM, Meltzer HY, Green MF, 
Miller DD, Canive JM, Adler LW, Manschreck TC, Swartz M, Rosenheck R, Perkins DO, Walker 
TM, Stroup TS, McEvoy JP, Lieberman JA. Baseline neurocognitive deficits in the CATIE 
schizophrenia trial. Neuropsychopharmacology. 2006; 3:2033–46. [PubMed: 16641947] 

71. Coyle JT, Balu D, Benneyworth M, Basu A, Roseman A. Beyond the dopamine receptor: novel 
therapeutic targets for treating schizophrenia. Dialogues Clin Neurosci. 2010; 12:359–82. 
[PubMed: 20954431] 

Coyle et al. Page 11

Harv Rev Psychiatry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Schematic representation of the synaptic localization of eight risk genes for 
schizophrenia that are within two degrees of the NMDA receptor
A recent large scale genome wide association study (GWAS) comprising nearly 150,000 

subjects including nearly 40,000 subjects with schizophrenia revealed 108 loci on the human 

genome that achieved genome wide significance (<5X10−8) for association with 

schizophrenia (51). Eight of these genes encode proteins associated with glutamatergic 

neurotransmission, especially that component mediated by the NMDA receptor. These genes 

include SRR for serine racemase; GRIN2A for the NMDA receptor subunit 2A; GRIA1 for 

the AMPA receptor subunit, GluR1; DLG1 and DLG2 for synapse-associated protein-97 

and post-synaptic density protein-93, respectively, which are scaffolding proteins on the 

interior surface of the glutamatergic synapse: GRM3 for mGluR3, a metabotrophic 
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glutamate receptor that regulates glutamate release; CLCN3 for a voltage gated chloride 

channel that regulates glutamatergic spine excitability. (Adapted from Balu and Coyle (68).
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