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1. ABSTRACT  
 

Schizophrenia is a remarkably complex disorder 
with a multitude of behavioral and biological perturbations.  
Cognitive deficits are a core feature of this disorder, and 
involve abnormalities across multiple domains, including 
memory, attention, and perception.  The complexity of this 
debilitating illness has led to a view that the key to 
unraveling its pathophysiology lies in deconstructing the 
clinically-defined syndrome into pathophysiologically 
distinct intermediate phenotypes.  Accumulating evidence 
suggests that one of these intermediate phenotypes may 
involve phospholipid signaling abnormalities, particularly 
in relation to arachidonic acid (AA).  Our data show 
relationships between levels of AA and performance on 
tests of cognition for schizophrenia patients, with defects in 
AA signaling associated with deficits in cognition.  
Moreover, dopamine may moderate these relationships 
between AA and cognition.  Taken together, cognitive 
deficits, dopaminergic neurotransmission, and bioactive 
lipids have emerged as related features of schizophrenia.  
Existing treatment options for cognitive deficits in 

schizophrenia do not specifically target lipid-derived 
signaling pathways; understanding these processes could 
inform efforts to identify novel targets for treatment 
innovation. 
 
2. INTRODUCTION 
 

Schizophrenia is one of the world's leading 
causes of disability (1). Despite the extensive research its 
etiology remains very poorly understood.  Part of the 
difficulty arises from the striking diversity of the 
documented abnormalities that a theory of etiology must 
explain, including the cognitive deficits that are a core 
feature of the illness, as well as the myriad biochemical 
abnormalities that influence neurodevelopment, 
neurotransmission, and neuromodulation.  The deficits in 
cognition produce substantial functional disability, which is 
reflected in high rates of unemployment and reduced 
financial competence.  Given the range and severity of 
cognitive impairment, efforts are now underway to identify 
novel targets for pharmacological enhancement.  The 
purpose of this review is to integrate recent conceptual and
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Figure 1.  Overview of cognitive disorder in schizophrenia 
as a function of membrane phospholipids and monoamine 
neurotransmission.  Abbreviations: SZ, schizophrenia; DA, 
dopamine; HVA, homovanillic acid; PUFAs, 
polyunsaturated fatty acids; AA, arachidonic acid. 

 
empirical advances that implicate cognitive disorder in 
schizophrenia as an outcome of compromises to interacting 
neurochemical systems. We first summarize the rationale 
for identifying cognitive disorder as a target for treatment 
innovation, including the rationale for focusing on specific 
domains of cognition.  We next present the background for 
our hypothesized linkage of cognitive deficits, 
abnormalities in membrane phospholipids, and alterations 
in monoamine transmission (Figure 1). The theoretical 
framework advanced is directed toward identifying novel 
targets that can lead to more successful treatment of 
cognitive disorder in schizophrenia.   
 
3. COGNITION, NEUROTRANSMISSION, AND 
MEMBRANE PHOSPHOLIPIDS IN 
SCHIZOPHRENIA  
 

Cognitive deficits are a core feature of 
schizophrenia, involving abnormalities across the 
domains of memory, attention, perception, and speed of 
processing.  More than 70% of this patient population is 
estimated to be neuropsychologically impaired (2), with 
98% of patients falling below expected achievement 
levels based on their premorbid level of intellectual 
functioning and the level of education attained by their 
parents (3).  Cognitive impairment contributes to the 
functional disability observed for this patient population 
(4-6), which is reflected in an estimated 80% 
unemployment rate (7).  Findings from studies 
completed during the last decade show that cognitive 
deficits have consequences for fairly specific aspects of 
patients’ functional outcome, including success in job 
rehabilitation placement, job tenure and number of 
hours worked, and social skills (review by Green et al. 
(8)).  To complicate patients’ real-world challenges, 

cognitive deficits further contribute to deficiencies in 
financial competence by producing problems in basic 
money skills, use of banks, financial judgment, and 
understanding about their own income and expenses (9).  
Given the high rate and severity of impairment, efforts are 
currently underway to identify novel pharmacological 
targets for cognitive enhancement (10-12), and to create 
training programs for selected cognitive processes (13).    
 
3.1. Memory impairment in schizophrenia  

Memory impairment is among the most 
common and severe of the cognitive deficits associated 
with schizophrenia.  Deficits in memory function occur 
across variations in clinical states and course, appearing 
in neuroleptic-naïve first-episode patients as well as 
patients with chronic illness under differing 
pharmacological regimens.  Memory impairment also 
appears in the unaffected relatives of patients suggesting 
an association with increased risk for manifest illness.  
Moreover, impairment in this cognitive domain involves 
disturbance to a broad range of memory systems and 
processes.  Understanding about the breadth of this 
impairment for this patient population has progressed as 
investigators have increasingly adopted conceptual and 
technical advances made in the areas of 
neuropsychology and cognitive neuroscience.   
 
3.1.1. Systems of memory  

Although a summary of the scientific study of 
memory is beyond the scope of this review, it is 
important to note that contemporary divisions of 
memory into systems, subsystems, and processes have 
been traced to early discussions by Endel Tulving in 
1972 (14) and Elizabeth Warrington in 1979 (15) (for 
critical treatments of this topic see Schacter and Tulving 
(16) and Schacter et al. (17)).  Recent investigations of 
memory in schizophrenia have included a fine-grained 
partitioning of global memory into semantic, working, 
and episodic systems, as well as declarative and 
nondeclarative forms.  Semantic memory represents a 
person’s cumulative knowledge about the world, such as 
the meanings of words, defining features of concepts 
like ‘table’, name of the first president of the United 
States, and so on.  In this regard, the semantic system 
provides a dynamic record of a person’s ongoing 
learning and experience.  Working memory involves the 
temporary storage and manipulation of information that 
is being processed during the performance of tasks, and, 
ultimately, is linked to longer-term memory and other 
complex cognition, such as comprehension and 
reasoning (18-19).  Episodic memory involves the 
recollection of events and episodes from a person’s life.  
It is also important to emphasize the distinction, 
advanced most prominently by Larry Squire and his 
colleagues, regarding the conscious remembering of 
facts and events, termed “declarative memory,” which is 
contrasted to memory for content and processes that are 
out of one’s awareness, or unconscious, and referred to 
as “nondeclarative memory” (20).  The integrity of these 
memory systems has been examined for schizophrenia 
using strategies developed in neuropsychology and 
cognitive neuroscience. 
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3.1.2.   Memory deficits in schizophrenia patients 
3.1.2.1. Verbal declarative memory  

Deficits in verbal learning and verbal declarative 
memory are among the most common and severe of the 
cognitive impairments associated with schizophrenia (21-
24), and contribute to the high rate of functional disability 
in this disorder (6, 25).  The tasks used to investigate this 
ability have included immediate and delayed recall and 
recognition of word lists, number series, and brief stories.  
The qualitative review provided by Cirillo and Seidman 
(22) showed that impairment in verbal declarative memory 
was observed for schizophrenia patients in 92% of the 110 
studies examined.  In the quantitative review conducted by 
Heinrichs and Zakzanis (23), effect sizes were examined 
from 204 studies in which the performance of 
schizophrenia and control groups was compared across 
multiple cognitive domains, including memory, attention, 
executive function, language, motor skill, and general 
intelligence.  Results showed the largest mean effect size 
was obtained for global verbal memory.  Similarly, the 
meta-analysis conducted by Aleman et al. (21), which was 
based on 70 studies of verbal memory performance for 
schizophrenia and healthy control groups, determined the 
largest mean effect size was obtained for total verbal 
memory recall.  Moreover, memory for information that is 
represented in linguistic codes has emerged as important 
for etiological considerations in that deficits in reading and 
listening comprehension are observed in individuals long 
before their first diagnosis of schizophrenia (26-27).  
Abnormalities also appear in the speech communications of 
schizophrenia patients and their nonpsychotic monozygotic 
co-twins (28), as well as their nonpsychotic parents and 
siblings (29-30).   
 
3.1.2.2. Semantic memory   

Disturbance to the semantic memory system is 
one of the most prominent and enduring hypotheses 
advanced to explain the disorganized thinking that is a 
hallmark feature of schizophrenia (31).  This clinical 
symptom, referred to as formal thought disorder, is detected 
most easily in the tangential and incoherent speech of many 
patients.  Studies of semantic memory in schizophrenia 
have largely focused on semantic priming, which involves 
aspects of both verbal declarative memory and 
nondeclarative memory.  The typical or normal semantic 
priming response involves differentiation of pairs of words 
on the basis of their meaning relationship, with 
semantically related (dog cat) and unrelated (truck coin) 
pairs eliciting the largest response difference.  Exaggerated 
or ‘hyperpriming’ is believed to cause the disorganized 
thought of schizophrenia, and the influence of a wide range 
of linguistic and cognitive factors has been examined to test 
this hypothesis.  One common approach has involved the 
use of different stimulus onset asynchronies (SOAs) that 
are created by varying the exposure duration and 
presentation rate of consecutive stimuli.  Priming elicited 
under short SOAs is believed to reflect unconscious and 
automatic spread of activation within the semantic network.  
An exaggerated or overly broad spread of automatic 
activation is predicted to occur under short SOAs for 
patients who exhibit formal thought disorder.  Longer 
SOAs are believed to enable the recruitment of attention 

resources that underlie conscious processing and executive 
function, such as working memory.   

 
Several reviews have now been conducted that 

indicate variability of semantic priming in schizophrenia.  
In the qualitative review provided by Minzenberg and 
colleagues (32), schizophrenia patients showed variable 
semantic priming, based on behavioral response times 
(RTs), under experimental conditions designed to elicit 
automatic activation, or unconscious, processing.  In 
contrast, more consistent disturbance involving reduced 
priming was observed for patients under conditions of 
controlled attention and conscious processing.  Results 
from a recent meta-analysis by Doughty and Done (33) 
were generally consistent with the conclusions of 
Minzenberg et al. in showing the largest effect sizes for 
semantic tasks that are correlated with executive function.  
Variability of semantic priming was also observed in the 
quantitative review conducted by Pomarol-Cloret et al. (34) 
that involved 36 semantic priming studies in which 
response times were compared between schizophrenia 
patients and healthy controls.  The pooled effect size based 
on patients as a whole was not significant, and the data 
were characterized by significant heterogeneity.  
Significant effect sizes were observed, however, for the 
comparison between patients diagnosed with thought 
disorder and controls, and SOA influenced the direction of 
these effects.  Positive effect sizes, indicating increased 
priming for patients, were determined for short stimulus 
onset asynchronies (SOAs ≤ 400 ms) and negative effect 
sizes, indicating reduced priming for patients, were found 
for long SOAs (> 400 ms).  

 
Electrophysiological studies of semantic priming 

in schizophrenia indicate a pattern of variability that is 
similar to the findings for patients’ behavior responding.  
The N400 component of the event-related brain potential 
(ERP) is the measure used most frequently in these studies.  
The term ‘N400’ represents its negative deflection in 
amplitude, relative to a pre-stimulus baseline, beginning at 
approximately 200 ms and peaking around 400 ms 
following the onset of a stimulus.  Our knowledge about 
this endogenous brain response is based on several decades 
of work beginning with its discovery by Kutas and Hillyard 
(35).  This ERP component is believed both to index 
semantic integration processes, and to reflect the effort 
required to access information from long-term memory 
(36).  This electrophysiological response reflects the degree 
to which a word fits its proximal context, as seen in the 
N400s generated to sentences and pairs of words.  For 
example, the pair ‘dog - cat’ typically elicits smaller N400 
amplitude than does the word pair ‘dog - pencil’.  The 
interpretation of such stimuli as meaningful and relevant 
further depends on access to the representations stored 
within the semantic network. 

 
Based on their recent qualitative review, 

Kuperberg et al. (37) concluded that variability of N400 
semantic priming is observed in schizophrenia patients 
under conditions of automatic or spreading activation, and 
consistency in disturbance of N400 priming is seen under 
conditions that demand attention resources.  Additional 
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considerations include the psycholinguistic characteristics 
of semantic stimuli and the nature of the behavior task, 
which some authors have suggested may influence the 
integrity of priming response in schizophrenia patients 
relative to controls.  In particular, Mathalon et al. (38) 
proposed that variability across N400 studies of automatic 
priming in schizophrenia is due to differences in the classes 
of relations employed, which activate differentially the 
gradient of connections within the semantic network; direct 
(birthday → cake), indirect (birthday → [cake] → pie), and 
categorical (animal → cat and lion → tiger) relationships.  
Kreher et al. (39) suggested that the implicit or explicit 
nature of the behavior task can shape the priming response.  
Finally, our group has argued that activation of semantic 
memory in schizophrenia is influenced by neurochemistry 
dynamics that are modulated by pharmacological regimen 
(40-42) and abnormalities in cell membrane integrity and 
fluidity (43) (see Sections 3.4. and 3.5).  
 
3.1.3. Memory deficits in nonaffected family members 
of patients 

Memory deficits are observed in schizophrenia 
patients across differences in clinical status and clinical 
course, occurring in neuroleptic-naïve patients during their 
first episode of schizophrenia (44) and in stable, 
unmedicated patients with chronic illness (40-41, 45).  The 
memory impairments that are reliably observed for patients 
diagnosed with schizophrenia disorder are also observed in 
their unaffected family members (46-52) and non-psychotic 
monozygotic co-twins (53-54).  The pattern emerging from 
these studies is suggestive of an association between 
cognitive impairment and increased risk for developing 
schizophrenia due to a biological relationship to an 
individual with manifest illness.  Moreover, heritability 
estimates for candidate cognitive markers, including verbal 
declarative memory and semantic memory, suggest that 
these measures may be informative in genetics studies of 
schizophrenia (55-56).  Although recent challenges have 
been made to the assumption that a simpler genetic 
architecture may underlie biological markers 
(endophenotypes) than for the clinical phenotype itself 
(e.g., the meta-analysis of genetic association studies 
conducted by Flint and Munafo (57)), strong agreement 
remains regarding the utility of stable neurocognitive (48) 
and neurophysiological (58) traits for the purpose of 
identifying liability genes.  Discovery of biochemical 
pathways that influence putative neurocognitive and 
neurophysiological markers therefore presents a unique 
opportunity to shed further light on the etiology of this 
complex clinical syndrome.    
 
3.2. Association between cognition and neurochemistry  

Neurochemical theories of schizophrenia have a 
long history.  The dopamine (DA) hypothesis, in particular, 
is one of the most prominent and long-lived, and has 
recently undergone revision and renewed interest (e.g., 
increased striatal dopamine activity as the ‘final common 
pathway’ to psychosis (59)).  Alternative models have 
focused on glutamatergic (60) and γ-aminobutyric acid–
glutamatergic interaction (61) mechanisms.  Phospholipid 
hypotheses of schizophrenia etiology are attractive because 
they can potentially explain many of the disparate 

alterations that accompany this debilitating disease (62-66).  
Rather than replacing neurotransmission-based theories, 
phospholipids models can extend the two classes of 
theories by integrating the effects of both.  The n-3 
polyunsaturated fatty acid (PUFA)/dopamine hypothesis, 
for example, proposes that the effects of PUFAs on 
behavior are mediated through monoamine 
neurotransmission (67-69).  The viability of this non-
additive assumption receives support from animal studies 
demonstrating that chronic deficiency in n-3 PUFA 
influences dopamine-related structures and function in 
frontal cortex (70) and ventral striatum (71).  Importantly, 
dopamine D2 receptors can be coupled to the activation of 
phospholipase A2 (PLA2) and the release of n-6 PUFA 
arachidonic acid from cell membrane phospholipids (72).  
Functional linkages discovered among deficits in cognition 
and abnormalities within phospholipids and monoamine 
pathways could shed new light on the biochemical cause(s) 
of cognitive disorder in schizophrenia.  To the extent that 
existing treatment options do not specifically target lipid-
derived signaling pathways, such discoveries could also 
suggest novel targets for treatment innovation.  
 
3.2.1. Cognition and the dopamine hypothesis  

Dysregulation of dopamine is considered by a 
number of contemporary theorists to underlie cognitive 
disturbance in schizophrenia, beginning with a seminal 
paper by Cohen and Servan-Schreiber (73) in which this 
neurotransmitter was considered a primary determinant of 
the processing of context.  In the more recent formulation 
by Kapur (74), dopamine is assumed to mediate a person’s 
interpretation of the salience of information.  One 
prominent idea is that dopamine dsyregulation, in particular 
increased striatal dopamine activity, represents a ‘final 
common pathway’ that causes aberrant processing of 
stimulus meaning and relevance, which, in turn, results in 
the development of psychotic symptoms (59). 

 
The importance of dopamine to cognition has 

been demonstrated by studies in which dopamine levels and 
activity were modulated using different types of 
pharmacological compounds.  Following administration of 
amphetamine, for example, cognitive performance 
improved and was associated with the magnitude of change 
in regional cerebral blood flow (rCBF) for schizophrenia 
patients receiving antipsychotic medication (75).  
Amphetamine also improved accuracy and reduced 
response latency for healthy controls and medicated 
schizophrenia patients during their performance of tasks 
that capture working memory, attention, and language 
production processes (76).  Administration of the dopamine 
precursor L-3,4-dihydroxyphenylalanine (L-DOPA) to 
healthy volunteers produced more focused activation of 
semantic memory, reflected in reduced indirect priming 
(77), and increased the rate of learning and long-term 
retention of an artificial vocabulary (78).  Comparison of 
the relative influences of the dopamine D1/D2 receptor 
agonist pergolide and the D2 receptor agonist bromocriptine 
showed that only pergolide decreased indirect priming in 
healthy volunteers (79), suggesting the importance of D1 
receptor activity for this semantic memory function.  
Enhancement of dopamine transmission has also been 
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determined to benefit working memory performance in 
populations that experience dopamine depletion, including 
aged monkeys (80-81) and patients with Parkinson’s 
disease (82).   

 
While the influence of dopamine on cognition is 

clearly complex (83) and may not provide a complete 
account for the full range of cognitive deficits in 
schizophrenia (e.g.:  α2-Noradrenergic effects on the early 
components of the event-related potential during auditory 
information processing (84-86)), a growing body of 
evidence indicates that striatal dopamine activity, which is 
altered in patients (87-90), plays an important role in 
cognitive abilities that are influenced by prefrontal cortex 
function.  In a series of studies involving dopamine D2 
receptor transgenic mice, Kellendonk and Simpson and 
their colleagues (91-92) determined that overexpression of 
D2 receptors in the striatum during development caused 
persistent abnormalities in executive function, including 
working memory and conditional associative learning.  
Using high pressure liquid chromatography (HPLC) 
methodology, those investigators also found decreased 
dopamine turnover in the prefrontal cortex of these D2 
transgenic mice.   
 
3.2.2. Possible roles of polyunsaturated fatty acids 
(PUFAs) in cognition  

Lipids comprise approximately 50% of the dry 
weight of the human brain, and the majority of lipids (46-70%) 
are phospholipids (93).  The major phospholipids in neuronal 
membranes consist of phosphatidylethanolamine, 
phosphatidylcholine, phosphatidylserine, phosphatidylinositol, 
and sphingomyelin.  Alterations in these core phospholipids 
have been reliably observed for schizophrenia patients 
(reviewed by Fenton et al. (94) and Skosnik and Yao (65)).  
While saturated and monounsaturated fatty acids can be 
synthesized de novo in mammals, the precursors for the n-3 
and n-6 polyunsaturated fatty acid (PUFA) series must be 
obtained from dietary sources.  An interdependent relationship 
holds between the n-3 and n-6 series; dietary deficiency of n-3 
fatty acids produces decreased levels of the n-3 
docosahexaenoic acid in brain and other organs, and a 
reciprocal increase in the n-6 docosapentanoic acid (reviewed 
by Fedorova and Salem (95)).  

 
Investigations of the influence of 

polyunsaturated fatty acids (PUFAs) on cognition have 
followed two general tracks: (i) animal studies, in which 
dietary intake of fatty acids is manipulated, either by 
inducing dietary deficiency or dietary enhancement, and 
cognitive performance is evaluated as a function of 
concentrations of fatty acids in brain tissue; (ii) evaluation 
of human cognition as a function of dietary fatty acids and 
phospholipids in red blood cell (RBC) and plasma.  Tables 
1 – 3 summarize studies identified from public databases 
(MEDLINE, The Cochrane Library) that have been 
published since previous reviews of this literature appeared.  
Previous reviews include:  an exhaustive review by Innis 
(96) addressing the role of essential fatty acids in 
mammalian growth and CNS development; recent reviews 
of the effects of PUFA supplementation on 
neurodevelopment and physical growth during infancy and 

childhood by Hoffman et al. (97), Ryan et al. (98), and 
Simmer et al. (99); an extensive review by Federova and 
Salem (95) of animal studies up to 2006; reviews of clinical 
studies involving treatment with PUFAs by Freeman et al. 
(100), McNamara and Carlson (101), Peet (102), and 
Richardson (103).   
 
3.2.2.1. n-3 PUFAs 
3.2.2.1.1. Animal studies  

The cumulative evidence from several decades of 
animal work shows relationships among dietary levels of n-
3 fatty acids (Figure 2A), levels of fatty acids in brain tissue, 
and performance on many, although not all, tasks of learning 
and memory (review by Fedorova and Salem (95)).  This work 
also suggests that dietary deficiency of n-3 fatty acids may 
increase vulnerability to stress, which, in turn, could influence 
cognitive performance (95).  Table 1 summarizes animal 
studies published since the 2006 review by Fedorova and 
Salem.  The focus of recent studies has concerned the interplay 
among cognition, biochemistry, genes, and environment, and 
the study by Holguin et al. (104) provides a striking example 
of this direction.  Those investigators varied rearing 
environment (enriched versus impoverished) and dietary intake 
of compounds required for phosphatide synthesis (DHA and 
uridine monophosphate, UMP) for rats beginning at one month 
of age.  Learning and memory were evaluated with tasks that 
tap hippocampal- and striatal-dependent forms of memory 
(hidden- versus visible-versions of Morris water maze, 
respectively).  Results showed interaction effects involving 
cognitive task, diet, and rearing environment.  Co-
administration of DHA and UMP increased brain levels of 
phosphatides and phospholipids.  The enriched rearing 
environment also increased brain levels of phosphatides and 
phospholipids.  Moreover, dietary enhancement improved 
performance on the hippocampal-dependent memory task, but 
only for rats reared under the impoverished environment 
condition.  In contrast, neither diet nor rearing environment 
affected performance on the striatal-dependent memory task.   

 
Recent findings also show cognitive outcome is 

influenced by biochemistry that is moderated by 
genetically-based vulnerability or risk for disorder.  In the 
study by Petursdottir et al. (105), for example, the influence 
of dietary supplementation with DHA on cognition was 
examined for senescence-accelerated prone (SAMP8) mice 
that develop impairment in learning and memory at 8-12 
months of age.  At 10 months of age, mice received either a 
low-DHA or high-DHA diet for two months.  Mice were 12 
months old at the start of behavior training and retention 
testing in a T-maze foot-shock paradigm.  Mice receiving 
the high-DHA diet required fewer trials to learn and 
remember the shock-avoidance response, compared to mice 
fed the low-DHA diet.  The mice fed the high-DHA diet 
also had higher proportions of DHA in hippocampal and 
amygdala phospholipids.  These results suggest that dietary 
enhancement with DHA delayed cognitive decline in a 
susceptible genotype.    
 
3.2.2.1.2. Human studies 

A number of prospective studies have now been 
completed to determine the relationship between cognitive 
performance and dietary and biological levels of n-3
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Table 1.  Influence of bioactive lipids on cognition:  Animal studies 
Study Study aims and design Sample Variables Results 

G. W. 
Arendash 
et al. 
(121)  

Effect of diet enriched with n-3 FAs on 
cognition and brain tissue (cortical FAs; 
hippocampal Aβ) in animals varying in 
genetic risk for cognitive impairment. 
 
 
 
 
. 

2 genotypes: 
(1) 17 double 
transgenic (Tg) APP 
+ PS1 mice 
 
(2) 17 nontransgenic 
(NT) (normal)  mice  

IV:   
50% of each genotype group randomly 
assigned to either: 
(1) 13% n-3 FA diet (n-6:n-3 ratio = 3.8 
to 1)  
vs. 
(2) Standard diet  
 
Diets administered beginning at 2 mos of 
age (young adulthood).  NT mice 
received diet for 6 mos; Tg mice received 
diet for 7.5 mos.   
 
DV: 
(1) Performance on cognitive test battery 
administered during final 6 weeks of diet: 
open-field activity, balance beam, string 
agility, Y-maze, elevated-plus maze, 
Morris water maze, circular platform, 
platform recognition, radial arm water 
maze.   
 
(2) Aβ levels in hippocampus; FA levels 
in frontal cortex 

A. No effect of diet on 
cognitive performance for 
either genotype (n-3 FA diet 
= standard diet). 
 
B. Relationship between FAs 
and cognition: 
(1) Significant association 
between cortical levels of n-
6 FAs and cognition for both 
genotypes (Tg and NT 
mice):   
↑ n-6 FAs  
↓ cognitive performance 
 
(2) No association between 
cortical levels of n-3 FAs 
and cognitive performance 
for either genotype.  
 
C. Relationship between diet 
and cortical levels of FAs 
differed between genotypes: 
(1) Tg mice:   
No effect of n-3 FA diet on 
cortical FA levels. 
(2) NT mice:   
n-3 FA diet: 
↑ cortical levels of n-3 FAs 
↓ cortical levels of n-6 FAs. 
 
D. Effect of diet on Aβ 
levels: 
Tg mice:  No effect of n-3 
FA diet on hippocampal Aβ 
level, but significant 
association between 
hippocampal Aβ level and 
cognitive impairment. 
 

R. C. S. 
Barcelos 
et al. 
(138) 

Effect of supplementation with n-3 FAs on 
oxidative stress and abnormalities of 
involuntary movement and cognition induced 
by administration of neuroleptic drugs. 
   
 
   
 

Male Wistar rats, 3-
mos age 

IV:   
(1) Dietary Supplementation 
(a)  n-3 FA [fish oil with 20% EPA, 6% 
DHA, 0.4% α-linolenic acid, 1.2% DPA]  
vs. 
(b) control (tap water)    
(2) Antipsychotic drug [depot haloperidol 
vs. fluphenazine] 
 
DV:   
(1) Behavior tests (orofacial dyskinesia, 
Morris water maze, catalepsy) 
(2) Lipid peroxidation (LP) 
TBARS in hippocampus, substantia nigra 
 
Experiment 1 (haloperidol):   
For 8 wks, 2 diet groups (14 rats each) 
administered either: 
(1) Fish oil in tap water, or 
(2) Tap water only 
After 4 wks, 2 diet groups subdivided 
and administered (im) one of following 
conditions for remainder of protocol: 
C (water + soybean oil) 
FO (fish oil + soybean oil) 
H (water + haloperidol) 
FO + H (fish oil + haloperidol) 
 
Experiment 2 (fluphenazine): 
2 diet groups (14 rats each) administered 
same protocol as Experiment 1, but 
treated with fluphenazine instead of 
haloperidol. 
 

A. Antipsychotic drugs 
produced movement 
abnormalities (stereotypy, 
catalepsy), which were 
reduced by n-3 FA 
supplementation. 
 
B. Antipsychotic-induced 
impairment of spatial 
memory (water-maze task) 
was reduced by n-3 FA 
supplementation.     
 
C. Effects of n-3 FA 
supplementation on lipid 
peroxidation (TBARS) in 
haloperidol and 
fluphenazine-treated rats:   
(1) Haloperidol: 
↑ TBARS in plasma and 
hippocampus, which were ↓ 
by n-3 FA supplementation. 
(2) Fluphenazine: 
↑ TBARS in plasma and 
substantia nigra, which were 
↓ by n-3 FA 
supplementation. 
  

I. Fedorova 
et al. (71) 

Effect of dietary deficiency of n-3 FAs on 
spatial learning and levels of FAs and 
monoamine neurotransmitters in brain tissue. 

21 Female Long-
Evans rats obtained 
on 3rd day of 

IV:   
(1) 2 n-3 FA diet groups: 
(a) n-3 adequate (3.8% of total FAs) 

A. 58% reduction in total 
brain DHA in rats fed n-3 
FA deficient diet, compared 
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pregnancy, and 
male pups. 

vs.  
(b) n-3 deficient (0.05% of total FAs).   
Otherwise, all rats received same basal 
dietary composition. 
 
(2) Diets administered to pregnant dams 
during gestation and lactation; pups 
weaned to same diet as their dams.   
 
(3) Only male pups tested on behavior 
tasks, which began at 8 weeks of age. 
 
DV: 
(1) Behavior: 
(a) Spontaneous locomotor activity 
(open-field test) 
(b) Anxiety-related responses (elevated-
plus maze) 
(c)  Spatial performance – escape 
response accuracy and latency (Barnes 
circular maze) 
(2) Brain tissue: 
(a) FAs at end of study when pups were 
17 weeks old. 
(b) Neurotransmitters and metabolites 
obtained from additional sample of 7-wk-
old rats fed n-3 FA deficient vs. n-3 FA 
adequate diets (n=6/diet group): 
noradrenaline (NA), dopamine (DOPAC, 
HVA), serotonin (5-HT, 5-HIAA) 
 

to rats fed n-3 FA adequate 
diet.   
 
B. No effect of diet on 
spontaneous locomotor 
activity or anxiety responses.  
  
C. ↓ Spatial learning in rats 
fed n-3 FA deficient diet, 
compared with rats fed n-3 
FA adequate diet.  Level of 
impairment increased as task 
difficulty increased. 
 
D. Relationship between n-3 
FA diet and monoamine 
transmitters:   
Compared to n-3 FA 
adequate diet, n-3 FA 
deficient diet produced: 
(1) 50% reduction in DA 
levels in ventral striatum;  
(2) ↑ DOPAC in frontal 
cortex and hypothalamus; 
(3) ↑ DA turnover 
(DOPAC/DA and HVA/DA 
ratios) in frontal cortex and 
hypothalamus.  

S. Holguin 
et al. 
(104) 

Effect of dietary supplementation (DHA, 
UMP) on cognitive performance and brain 
phosphatidylcholine (PC) synthesis in rats 
exposed to enriched or impoverished rearing 
environments.  Diets and rearing 
environments administered for 1 mo 
beginning at weaning. 
 

Male Sprague 
Dawley rats, 4 wks 
age 

IV: 
(1) Rearing environment:   
Rats assigned to either enriched (EC) or 
impoverished (IC) rearing condition. 
(2) Diet:   
Subgroups of EC- and IC-exposed rats 
administered one of following dietary 
conditions: 
(a) control diet 
(b) control diet + UMP (0.5%) in diet 
(c) control diet + DHA (300 mg/kg) daily 
by gavage 
(d) control diet + UMP (0.5%) in diet + 
DHA (300 mg/kg) daily by gavage    
All diet regimens included choline 
chloride.  
 
DV:   
(1) Cognitive tasks categorized as 
hippocampus- or striatal- dependent 
memory (hidden- vs. visible-platform 
versions of Morris water maze, 
respectively).  
(2) Phospholipid content of brain tissue   
 

A.  Effect of diet on 
cognitive performance 
differed by rearing condition 
and task. 
(1) IC rats:   
(a) Either DHA or UMP 
produced ↑ performance on 
hippocampus-dependent task 
(hidden version- water 
maze);  
(b) Co-administration of 
DHA and UMP further ↑ 
performance on 
hippocampus- dependent 
task. 
 
(2) EC rats:   
No effect of diet on 
performance of 
hippocampus-dependent 
task. 
 
(3) Neither diet nor rearing 
environment affected 
performance on striatal-
dependent task (visible 
version-water maze).  
 
B.  Effect of diet on brain 
levels of phosphatides: 
Co-administration of UMP + 
DHA ↑ brain levels of PC, 
PE, SM, PS, PI, and total 
phospholipid levels.  
 
C.  Effect of rearing 
environment on brain tissue:   
EC environment ↑ brain 
levels of PC, PS, PI, and 
total phospholipids, 
compared with IC 
environment.   
 

K-F. Ng 
and S. M. 
Innis (152) 

Effect of dietary polyunsaturated FAs 
(PUFAs) and dopamine challenge on fear 
responses and exploratory behavior (elevated 
plus maze) in neonatal piglets. 

12 Male Yorkshire 
piglets (6 per diet 
condition). 

IV: 
(1) 2 diet conditions –    
beginning at age 1 day: 
(a) low PUFA diet [1.2% linoleic acid; 
0.05% α-linolenic acid]  

A. Effect of diet on frontal 
cortex FAs:   
Compared to high-PUFA 
diet, low- PUFA diet ↓ DHA 
by 30, 22, and 40% in frontal 
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(b) high PUFA diet [10.7%  linoleic acid; 
1.1% α-linolenic acid; 0.3% AA; 0.3% 
DHA] 
 
(2) Dopamine (DA) challenge 
(randomized cross-over design):  
(a) DA precursor (L-Dopa with 
Carbidopa)  
(b) DA D2 receptor blocker (sulperide).   
 
DV: 
(1)  From age 18-22 days, behavior in 
elevated plus maze (number and type of 
arm entries, time spent in arms) recorded 
before and after administration of each 
DA challenge condition.   
 
(2)  On day 26, home cage behavior 
recorded (stereotyped responses; biting; 
head thrusting; activity level). 
 
(3) Brains removed at age 30 days.  Total 
lipids extracted from frontal cortex and 
phospholipids (PC, PE, PS, PI) separated. 

cortex PE, PS, and PC, 
respectively. 
 
B. Effect of diet on maze 
behavior:   
Compared to high-PUFA 
diet, low-PUFA diet 
produced: 
 ↓ open and total arm entries; 
 ↑ time spent in closed arms.  
 
C. Effects of diet on maze 
behavior differed under each 
type of DA challenge: 
(1) L-Dopa ↑overall number 
of arm entries in piglets fed 
low-PUFA diet. 
(2) L-Dopa ↑ number of 
closed arm entries in piglets 
fed high-PUFA diet. 
(3) Sulperide did not affect 
maze behavior for the 2 diet 
groups.  
 
D Trend effect of diet on 
home cage behavior: 
Piglets fed low-PUFA diet 
showed ↑ number of 
stereotyped responses 
(snout-rubbing).  
 

A. L. 
Petursdottir 
et al. 
(105)  

Effect of dietary supplementation with n-3 
PUFAs on brain phospholipid DHA status, 
learning, and memory in aged senescence-
accelerated prone mice, which develop 
learning and memory impairments at age 8-
12 mos. 
 

20 SAMP8 
(senescence-
accelerated)  mice 

IV:   
At age 10 mos., mice randomly assigned 
to: 
(1) Low-DHA diet (4.4% total n-3 PUFA 
and 0.3% DHA) 
vs.  
(2) High-DHA diet (30.3% total n-3 
PUFA and 14.3% DHA). 
Diets maintained for 8 wks  
 
DV:   
Behavior training/testing began at age 12 
mos.: 
(a) Acquisition and retention in T-maze 
foot shock avoidance paradigm 
(b) Phospholipid DHA status in 
hippocampus and amygdala 
 

Compared to mice fed low-
DHA diet, mice fed high-
DHA diet showed: 
↑ acquisition (learning) and 
retention (memory) in T-
maze foot shock avoidance; 
↑ proportion of DHA in PC 
and PE of both hippocampus 
and amygdala.  

Abbreviations for Table 1: ↑, increase; ↓, decrease; AA, Arachidonic acid; DA, Dopamine; DHA, Docosahexaenoic acid; DPA, 
Docosapentaenoic acid; DV, Dependent variable; EPA, Eicosapentaenoic acid; FA, Fatty Acid; IM, Intramuscular; IV, 
Independent variable; PC, Phosphatidylcholine; PE, Phosphatidylethanolamine; PI, Phosphatidylinositol; PS, Phosphatidylserine; 
PUFA, Polyunsaturated fatty acid; SM, Sphingomyelin; TBARS, Thiobarbituric acid reactive substances; UMP, Uridine 
monophosphate. 
 
Table 2.  Influence of bioactive lipids on cognition:  Human studies 

Study Study aims and design Sample Variables Results 
M. A. 
Beydoun 
et al. 
(111) 

Association between plasma n-3 
FAs and cognitive decline in older 
adults. 
 
Prospective cohort design. 
 
 
 
  

2251 individuals (aged 50 – 
65 yrs) residing in 
Minneapolis, MN during 
1990-1992 and 1996-1998. 

DV: 
(1) Cognition assessed at 2 time points 
(3-yr interval): 
(a) verbal learning and memory  
(b) psychomotor  
(c) verbal fluency  
(d) global cognitive decline (composite 
score based on change scores for tests a-
c) 
 
(2) Plasma FAs at study entry (saturated, 
monounsaturated, linoleic acid, α-
linolenic acid, n-3 and n-6 FAs) 
 

Association between FAs and 
cognitive decline from 
baseline to 3 years: 
(1)  ↑ global cognitive 
decline associated with:   
↑ palmitic acid 
↑ AA 
↓ linoleic acid  
 
 (2) ↓ decline in verbal 
fluency associated with: 
↑ DHA + EPA 
 
 

J. Colombo 
et al. 
(108) 

Association between levels of 
phospholipid DHA in mothers and 
infants at delivery, and the 
development of attention during 
infancy and toddlerhood. 
 

70 infants recruited for 
follow-up from among 350 
infants and mothers enrolled 
in study of effects of DHA 
supplementation on 
pregnancy outcomes 

IV: 
(1) Supplemented mothers’ diet during 
last trimester of pregnancy by providing 
eggs with high- vs. standard-levels of 
DHA (135 mg vs. 35 mg DHA/egg, 
respectively). 

Compared to children of 
mothers with low-DHA levels 
at delivery: 
 
(1) Infants of mothers with 
high-DHA levels at delivery 
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Longitudinal (prospective) follow-
up design.  

(randomized, double-blind, 
controlled clinical trial). 

(2) Group membership (high- vs. low-
DHA) determined by levels of DHA in 
RBC for mother and infant at delivery. 
 
DV: 
 Laboratory measures (gaze duration, 
heart rate) of attention in children during: 
(a) Visual habituation task in infants at 
ages 4, 6, and 8 mos. 
(b) Single-object exploration and 
distractibility tasks in toddlers at ages 12 
and 18 mos.  

showed accelerated 
development for visual 
attention at ages 4 and 6 mos. 
(shorter gaze duration during 
visual habituation task).  
 
(2) Toddlers of mothers with 
high-DHA levels at delivery 
showed more mature 
development of attention 
(longer single-object 
exploration; reduced 
distractibility). 
 

E. 
Cyhlarova 
et al. 
(123) 

Association between literacy skills 
and n-3 and n-6 FAs in dyslexia. 

32 dyslexic adults, 20 non-
dyslexic controls (mean ages 
= 32 and 34 yrs, respectively)  

DV: 
RBC levels of  n-3 and n-6 FAs (venous 
blood draw after overnight fast) 
 
Literacy skills and intelligence: 
WRAT word reading, spelling; 
WAIS subtests (similarities, vocabulary, 
block design, picture arrangement, digit 
span, digit symbol) 

A. Dyslexic individuals and 
non-dyslexic controls did not 
differ for mean levels of RBC 
FAs. 
 
B. Both dyslexic and control 
groups:   
Word reading and total n-3 
FAs positively correlated:  
↑ total n-3 FAs  
↑ reading score  
 
C. Dyslexic individuals only: 
(1)  Word reading positively 
correlated with n-3 FAs: 
↑ α-linolenic acid 
↑ reading score 
(2) Word reading negatively 
correlated with n-6 FAs:   
↑ adrenic acid 
↓  reading score 
 
D. Control individuals only: 
Word reading positively 
correlated with n-3 FAs: 
↑ DHA 
↑ reading score 
 

C. 
Dullemeijer 
et al. 
(112) 
 

Association between n-3 PUFAs 
and change in cognition over 3 
years in older adults.     
 
Parent protocol:  Randomized, 
placebo-controlled trial to 
determine effect of folic acid on 
cognitive performance, carotid 
intima-media thickness, hearing.   
 
Baseline assessments occurred 
during 2000 and 2001. 
 
 

819 male and female adults at 
baseline (ages 50-70 yrs)  

IV: Random assignment to folic acid 
supplementation (n=406) vs. placebo 
(n=413) 
 
DV:  Data reported for individuals in 
placebo-arm only (n=404):  
(1) Change in performance from baseline 
to 3 yrs in 5 domains:   
(a) Memory (Word Learning Test) 
(b) Sensorimotor speed  
(Stroop Color-Word-Subtest I; Concept 
Shifting-Subtests O, A, B)  
(c) Complex speed (Stroop Color-Word-
III; Concept Shifting- C) 
(d) Information-processing speed (Letter 
Digit Substitution)  
(e) Word fluency (Verbal Fluency Test)    
 
 (2) Plasma n-3 PUFAs at baseline 
(venous blood after overnight fast): 
EPA, docosapentaenoic acid, DHA 
 

A. Cognitive performance 
declined from baseline to 3 
yrs for speed-related 
responding: sensorimotor 
speed, complex speed, 
information-processing 
speed.    
 
B.  n-3 PUFA concentrations 
at baseline were associated 
with decline in speed-related 
responding at 3 yrs:   
↑ n-3 PUFAs at baseline  
↓ decline over 3 yrs for 
sensorimotor speed and 
complex speed. 
 
   
 

J. A. 
Dunstan et 
al. (109) 

Effects of antenatal n-3 PUFA 
supplementation on cognitive 
development in children at age 2.5 
yrs. 
 
Randomized, double-blind 
placebo-controlled trial conducted 
between January 2000 and 
September 2001.     

72 infants of 98 women 
enrolled during pregnancy 

IV: From 20 weeks gestation to delivery, 
pregnant Caucasian women with allergic 
disease randomly assigned to receive: 
(1) n-3 FA supplementation (n=52; 4 
g/day fish oil with 2.2 g/day DHA and 
1.1 g/day EPA) 
vs.  
(2) placebo (n=46; 4 g/day olive oil with 
2.7 g/day n-9 oleic acid).   
Both n-3 FA supplement and placebo 
included 3-4 mg/g oil α-tocopherol.   
 
DV:   
(1) n-3 and n-6 PUFAs in phospholipids 
of erythrocyte membranes in umbilical 

A.  Effect of antenatal 
supplementation with n-3 
PUFA on FA composition of 
erythrocyte membranes in 
umbilical cord blood of 
neonates:   
↑ n-3 PUFAs  
↓ n-6 PUFAs  
 
B. Effects of antenatal 
supplementation with n-3 
PUFA on child’s cognitive 
development at age 2.5 yrs:   
↑ eye–hand coordination  
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cord blood 
(2) Assessments of children at age 2.5 yrs 
on measures of infant growth and 
development (GMDS), receptive 
language (PPVT), and behavior (CBCL)  

C. Association between  
cognition at age 2.5 yrs and 
PUFA levels in cord–blood 
erythrocytes:   
(1) Eye–hand coordination 
positively correlated with n-3 
PUFA levels (EPA, DHA): 
↑ n-3 PUFA levels 
↑ eye–hand coordination. 
 
(2)  Eye–hand coordination 
and performance scores 
negatively correlated with n-6 
PUFA levels: 
↑ AA levels 
↓ eye–hand coordination and 
performance. 
 

Y. Ishikura 
et al. 
(124) 
 

Effect of dietary supplementation 
with AA on auditory P300 in 
healthy older men. 
 
Double-blind crossover design  

25 healthy men (ages 57-68 
yrs) 

IV:  3-month crossover protocol (1 
mo/phase):   
Group A (n=13):   
AA, washout, placebo 
Group B (n=12):   
placebo, washout, AA 
 
AA supplement:  
600 mg/day of AA-enriched triglyceride 
(240 mg AA);  
Placebo:  
olive oil (600 mg/day) 
 
DV:   
(1) EEG recorded from midline parietal 
electrode (Pz) to evaluate amplitude and 
latency of auditory P300 component of 
event-related potential elicited using an 
oddball paradigm.   
 
(2) Serum phospholipids measured before 
and after supplement and placebo 
periods.   
 

A. Significant effect of AA-
supplementation on P300 
response: 
↓ P300 latency (mean ∆ = 
−10.1 ms ± 15.9) 
↑ P300 amplitude (mean ∆ = 
0.8 µV ± 1.7). 
 
B. Significant effect of AA-
supplementation on serum 
phospholipids: 
↑ serum AA (mean ∆ = 37.7 
µg/ml ± 26.2) 
↓ serum EPA (mean ∆ = 
−13.0 µg/ml ± 20.3).  

J. L. 
Jacobson 
et al. 
(110)  
 

Relationship of cord-plasma DHA 
concentration to physical growth 
and cognitive development at ages 
6 and 11 mos for Inuit infants 
living in Arctic Quebec.  
Developmental outcomes 
associated with PUFA intake from 
breast feeding were also 
evaluated.   
 
Prospective longitudinal cohort 
study, November 1995 to March 
2001 
 
    

109 Inuit infants and their 
mothers  

DV: 
(1) Biological samples:   
(a) Blood collected from severed 
umbilical cord and from mothers after 
delivery.  Milk collected from breast-
feeding mothers at 1-mo postnatal 
interview. 
(b) FA compositions of plasma 
phospholipids and total maternal milk 
lipids. 
 
 (2) Perceptual, cognitive, and motor 
development assessed at ages 6 mos 
(Teller; FTII) and 11 mos (Teller; FTII; 
BSID-II)  
 

A. ↑ DHA concentration in 
umbilical cord positively 
associated with development: 
↑ gestation length 
↑ visual acuity (6 mos) 
↑ novelty preference (6 mos) 
↑ Mental development score 
(11 mos) 
↑ Psychomotor development 
score (11 mos) 
 
B. Post-natal DHA intake 
from breast-feeding was not 
correlated with 
developmental outcome. 
 

O. van de 
Rest et al. 
(114) 

Association between dietary 
intake of fatty fish and change in 
cognition over 6 years in elderly 
men. 
 
Prospective cohort study, the 
Veterans Affairs Normative Aging 
Study.  Recruitment initiated in 
1963 in Boston, MA area. 

451 men for whom complete 
set of measures available 
(mean age at baseline 
cognitive assessment = 68 
yrs). 

DV:   
(1) Estimates of n-3 PUFA intake from 
dietary questionnaire (g of n-3 FAs per 
portion/day):  dark-meat fish (1.37 g); 
canned tuna (0.69 g); shellfish (0.46 g); 
other fish (0.17 g) 
 
(2) Cognitive domains assessed at 
baseline and over 6 yrs followup:  
language, speed, attention, memory, and 
spatial copying 
 

A. Cross-sectional (baseline) 
analyses:   
Cognitive performance was 
not associated with dietary 
fatty fish or n-3 PUFA intake. 
 
B. Longitudinal analyses:  
Cognitive change over 6 yrs 
was not associated with 
dietary fatty fish or n-3 PUFA 
intake. 

L. J. 
Whalley et 
al. (120) 

Influence of erythrocyte n-3 
PUFA concentration on age-
related cognitive decline in the 
presence or absence of the APOE 
ε4 allele.  
 
Prospective study of population-
based sample (1936 birth cohort).  
Recruitment from November 1999 

Original sample = 478 healthy 
volunteers (ages 63-66 yrs); 
Subsample = 120 individuals 
for whom cognitive 
assessments and FA data were 
available. 

DV: 
(1) Intelligence score at 11 yrs available 
from national database 
 
(2)  At baseline, venous blood collected 
for (a) APOE genotyping and (b) FA 
composition of erythrocyte membranes 
(total n-3 PUFAs, EPA, DHA, n-6:n-3 
ratio) 

A. Relationship between 
PUFA concentrations and 
intelligence: 
 
(1) For APOE ε4 noncarriers 
(absent), total n-3 PUFA at 
baseline (≈ 63 yrs) was 
positively correlated with 
general intelligence at ages 



Cognition and bioactive lipids in schizophrenia 
 

316 

to February 2002.   
 
 

 
(3) Cognition evaluated at ages 64 
(baseline), 66, and 68 yrs:  nonverbal 
reasoning (RPM), verbal declarative 
memory (AVLT), executive function 
(Uses of Common Objects), information 
processing speed and psychomotor 
performance (WAIS-R Digit Symbol), 
constructional ability (WAIS Block 
Design) 
 
 

11 yrs and 63-65 yrs:   
↑ n-3 PUFA at 63 yrs  
↑ Intelligence score at ages 
11 and 63 yrs.   
 
(2) Relationship between 
PUFA concentrations and 
intelligence was not 
significant for APOE ε4 
carriers (present). 
 
B. Erythrocyte membrane 
PUFA content did not differ 
between groups based on 
APOE ε4 status. 
 
C. Verbal declarative 
memory (AVLT) score 
differed significantly between 
APOE ε4 allele groups at all 
time points: APOE ε4 allele 
noncarriers  >  carriers. 
 

Abbreviations for Table 2: ↑, increase; ↓, decrease; ∆, change; AA, Arachidonic acid; AVLT, Rey’s Auditory Verbal Learning 
Test; BSID-II, Bayley Scales of Infant Development, 2nd edition; CBCL, Child Behavior Checklist; CGI, Clinical Global 
Impression scale; DHA, Docosahexaenoic acid; DV, Dependent variable; EEG, Electroencephalogram; EPA, Eicosapentaenoic 
acid; FA, Fatty Acid; FTII, Fagan Test of Infant Intelligence; GMDS, Griffiths Mental Development Scales; IV, Independent 
variable; PPVT, Peabody Picture Vocabulary Test; PUFA, Polyunsaturated fatty acid; RBC, Red Blood Cell; RPM, Raven’s 
Progressive Matrices; Teller, Teller Visual Acuity Card Test; WAIS-R, Wechsler Adult Intelligence Scale–revised. 
 
Table 3.  Influence of bioactive lipids on cognition:  Clinical studies of psychosis 

Study Study aims and design Sample Variables Results 
G. P. 
Amminger 
et al. 
(115)  

Effect of n-3 PUFAs on 
rate of progression to 
first-episode psychotic 
disorder in young 
individuals with 
subclinical psychosis. 
 
Randomized, double-
blind, placebo-controlled 
trial conducted from 2004 
to 2007 
 
 
 
 
. 

81 individuals (13 – 25 yrs) at ultra-
high risk for psychotic disorder 
  

IV:   
Random assignment (stratified by 
depression symptom score)  to 12-week 
treatment trial of: 
(1) n-3 PUFA (1.2 g/day marine fish oil: 
700 mg/day EPA, 480 mg/day DHA, 
220 mg/day Other n-3 PUFAs including 
α-linolenic acid) 
vs. 
(2) placebo (coconut oil) 
 
DV: 
(1) Conversion to psychotic disorder 
determined by assessments conducted 
weekly (first 4 wks), and then at 8 and 
12 wks, and 6 and 12 mos.   
 
(2) n-6 to n-3 ratio at baseline and 12-
wks (fasting erythrocyte FA 
composition). 
 

A. Cumulative rates of 
conversion to psychotic 
disorder at 12 mos.: 
(1) 4.9% in n-3 PUFA group  
(2) 27.5% in placebo group. 
 
B. Compared to placebo, n-3 
PUFAs improved functioning 
and reduced positive, negative, 
and general symptoms.   
 
C. For n-3 PUFA group, 
magnitude of change in n-6 to 
n-3 ratio from baseline to 12 
wks was significantly 
associated with improvement 
in functioning between 
baseline and 12 wks. 
 
 

G. E. 
Berger et 
al. (116) 

Effect of n-3 FA 
augmentation on efficacy 
and tolerability of 
treatment with 
antipsychotic drugs in 
patients with first-episode 
psychosis (FEP). 
 
Randomized, double-
blind, placebo-controlled 
trial conducted from 2000 
to 2003 
 
 
   
 

80 FEP patients, which included 53 
(76.8%) patients meeting criteria for 
non-affective psychosis 

IV:   
12-weeks augmentation protocol: 
(1)  2 g/d ethyl-eicosapentaenoic acid 
(E-EPA) 
vs. 
(2) placebo oil 
Both E-EPA and placebo were added on 
to flexible doses of atypical 
antipsychotics (risperidone, olanzapine, 
or quetiapine).  Additional medications 
allowed: benzodiazepines, 
chlorpromazine, zuclopenthixol, 
zolpidem, SSRIs.  
 
 DV:   
Clinical assessments conducted at 5 
time points (baseline and weeks 3, 6, 9, 
12): 
(1) Symptom change scores and time to 
first response  
(2) Tolerability measures and 
cumulative antipsychotic dose 
 

A. No difference between E-
EPA and placebo groups for 
symptom change scores at 12 
weeks. 
 
B. Time to first response was 
shorter in patients diagnosed 
with non-affective psychosis 
and receiving E-EPA.   
 
C. Patients receiving E-EPA 
required lower doses of 
antipsychotic medications 
between weeks 4 and 6, 
compared to patients receiving 
placebo. 
 
D. Patients receiving E-EPA 
showed fewer extrapyramidal 
side effects during the initial 9 
wks, compared to patients 
receiving placebo. 

R. Association between RBC 37 chronic schizophrenia patients (mean DV: A. Semantic memory was 
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Condray 
et al. (43) 
 

membrane FAs and 
cognition in 
schizophrenia patients. 
 
Repeated measures 
design, double-blind 
placebo-replacement. 
 

age = 38 yrs) tested during haloperidol 
maintenance therapy (n=30) and 
placebo replacement (n=21).  (Different 
n’s for medicated and placebo phases 
due to electrophysiological artifact.) 

(1) RBC membrane FAs (venous blood 
draw after overnight fast) 
 
(2) Cognition: 
Electrophysiological measure of 
semantic memory (N400 component of 
event-related brain potential:  N400-
Unrelated minus N400-Related words) 
 

associated with AA and total 
PUFAs for patients during 
unmedicated (placebo) phase: 
↑ N400 semantic priming  
↓ AA and Total PUFAs  
 
B. Semantic memory was not 
significantly associated with 
PUFAs for patients during 
haloperidol maintenance 
therapy. 
 

Abbreviations for Table 3: ↑, increase; ↓, decrease; AA, Arachidonic acid; DHA, Docosahexaenoic acid; DV, Dependent 
variable; EPA, Eicosapentaenoic acid; FA, Fatty Acid; IV, Independent variable; PUFA, Polyunsaturated fatty acid; RBC, Red 
Blood Cell. 

 
PUFAs for healthy individuals (recent studies summarized 
in Table 2; reviews of earlier work published through 2009 
(97-99, 106-107)).  The cumulative findings suggest that 
higher dietary intake and RBC and plasma levels of n-3 
PUFAs are associated with optimal cognitive development 
in children (108-110) and reduced cognitive decline for 
aging and elderly populations (111-112), although negative 
results have also been reported for young children (99) and 
older adults (113-114).   

 
Intervention with n-3 PUFAs appears promising 

for schizophrenia, although the combined results from 
randomized, placebo-controlled trials indicate that illness 
stage and dose range moderate the clinical efficacy of this 
treatment.  Table 3 details the results of recent clinical 
studies (reviews of earlier work are provided in Fenton et 
al. (94), Freeman et al. (100), and Peet (102)).  In their 
study of individuals at ultra-high risk for psychosis, 
Amminger et al. (115) observed that 12 weeks of n-3 
PUFA treatment (700 mg/day of EPA + 480 mg/day of 
DHA) produced a lower rate of conversion to psychosis at 
one year, compared to placebo.  Berger et al. (116) 
determined that first-episode psychosis patients who 
received 12 weeks of ethyl eicosapentanoic-acid (2 g/day 
E-EPA) augmentation had a more rapid first clinical 
response, required lower doses of antipsychotic drugs, and 
exhibited fewer extrapyramidal side effects.  In the study of 
patients with chronic schizophrenia by Fenton et al. (117), 
however, medicated outpatients receiving 16 weeks of E-
EPA augmentation (3 g/day) did not differ from those 
receiving placebo with respect to improvement in clinical 
symptoms or cognitive performance at 16 weeks.  The 
findings of Fenton et al. contrast to the results obtained by 
Peet and Horrobin (118) and Emsley et al. (119) for 
patients with persistent residual symptoms.  Peet and 
Horrobin augmented outpatients’ antipsychotic drug 
regimen with one of four dose levels of ethyl 
eicosapentaenoate (0, 1, 2, or 4 g/day E-EPA) for 12 weeks, 
and observed the greatest clinical improvement for patients 
receiving clozapine and 2 g/day E-EPA.  Similarly, Emsley 
et al. augmented patients’ antipsychotic regimen with 3 
g/day of E-EPA for 12 weeks, and observed greater 
improvement in clinical symptoms and dyskinesia for the 
E-EPA group, compared to those receiving placebo.    

 
As reflected in these combined studies, the role 

of PUFA status in cognition and mental health is not 
straightforward.  Importantly, in parallel with the animal 
research, this rapidly growing literature includes 

recognition that the relationship between PUFA status and 
cognition in humans is moderated by biological risk for 
disorder.  A noteworthy example is provided by the study 
of Whalley et al. (120), in which concentrations of 
erythrocyte n-3 PUFA were associated with better 
cognitive performance in older healthy individuals, but 
only in the absence of the APOE ε4 allele, thereby 
highlighting the combined influences of genetic liability 
and environmental factors for cognitive aging. 
 
3.2.2.2.  n-6 PUFAs  

Converging evidence from animal and human 
clinical studies suggest that cortical levels of n-6 fatty acids 
(Figure 2B) may be more tightly coupled with cognition 
than are cortical levels of n-3 fatty acids, at least for some 
cognitive functions.  The recent study by Arendash and 
colleagues (121) illustrates this specificity of linkage.  
Those investigators examined the effects on cognitive 
performance of a diet comparable to the 13% n-3 fatty acid 
diet of Greenland Eskimos (122).  Alzheimer’s transgenic 
mice (Tg) and non-transgenic (NT) normal mice littermates 
were fed either a diet high in n-3 fatty acids or a standard 
diet from two to nine months of age.  Learning and memory 
were evaluated during the final six weeks of the dietary 
condition.  Diet influenced cortical levels of n-3 fatty acids 
differently for each genotype.  Cortical levels of n-3 fatty 
acids were increased and n-6 fatty acids were decreased in 
NT mice fed the diet enriched with n-3 fatty acids.  In 
contrast, the enriched n-3 fatty acid diet had no effect on 
cortical levels of fatty acids in Tg mice.  Moreover, the  
type of PUFA was important for the relationship between 
fatty acids in frontal cortex and cognition.  Cognitive 
performance was correlated with cortical levels of n-6 fatty 
acids for both Tg and NT mice.  The direction of this 
relationship indicated that increases in cortical levels of n-6 
fatty acids, including arachidonic acid, were associated 
with decreases in cognitive performance.  However, 
cognition was not associated with cortical levels of n-3 
fatty acids in either Tg or NT mice.    

 
The pattern of association between arachidonic 

acid (AA) and cognitive performance that was observed by 
Arendesh and colleagues parallels the results reported for 
schizophrenia patients, dyslexic individuals, and children 
whose mothers received n-3 PUFA supplementation during 
pregnancy.  Findings from our laboratory revealed 
significant inverse relationships between AA and reading, 
semantic memory, and general intelligence in unmedicated 
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Figure 2.  n-3 (A) and n-6 (B) polyunsaturated fatty acid pathways.  Adapted from Conklin et al. (130). 
 

patients with chronic schizophrenia, with increases in RBC 
AA level associated with decreases in single-word reading 
accuracy, intelligence test score, and electrophysiological 
response to semantic memory activation (see Section 3.5).  
Inverse relationships between n-6 PUFAs and cognition have 
also been observed for individuals with dyslexia and children.  
Cyhlarova et al. (123) reported negative associations between 
n-6 fatty acid concentrations and word reading for dyslexic 
individuals.  Dunstan et al. (109) reported an inverse 
correlation between level of AA in umbilical cord blood at 
delivery and cognitive performance in children at 30 months of 
age.  Other findings, however, suggest positive associations 
between AA concentration and behavior.  In addition to 
increases in serum level of AA, one-month of dietary 
supplementation with AA (240 mg/day) produced 
improvement in electrophysiological response (increased 
amplitude and reduced latency of P300) for healthy older men 
(124).  Moreover, results from the E-EPA augmentation trial 
for schizophrenia that was conducted by Peet and Horrobin 
(118) included positive correlations between changes in RBC 
AA levels and clinical improvement from baseline to 12 
weeks.  Horrobin et al. (125) interpreted this pattern as due 
to the beneficial effect of lower doses of EPA (viz., the 
mid-range dose of 2 g/day that was associated with clinical 
improvement in Peet and Horrobin (118)), which produced 
elevated levels of AA, rather than reduced levels.  The 
implication of these findings is that elevations of both EPA 
and AA may be beneficial for behavior.     

3.2.2.3. Eicosanoids (Arachidonic acid cascade)  
In addition to the formation of second 

messengers, the newly released AA from membrane 
phospholipids can be converted to a variety of biologically 
active metabolites, which are collectively referred to as 
eicosanoids, through the concerted reactions of 
cyclooxygenase (COX), lipoxygenases (LOX) and 
cytochrome P-450 (CYP) (see Figure 3).  Eicosanoids can 
modulate neural cell function and thereby mediate several 
pathophysiological processes (126).  Since AA is the major 
C20 PUFA in mammalian tissues, the prostaglandin-2 
(PG2) and thromboxanes-2 (TX2) series are the 
predominant classes of eicosanoids (shown in Figure 3).  
Studies involving the inhibition of COX by nonsteroidal 
anti-inflammatory drugs have revealed the significance of 
PG2 in the regulation of nerve conduction, neurotransmitter 
release, inflammation, pain, fever, immune responses, 
apoptosis and psychosis (127).  In schizophrenia, there are 
reduced levels of AA in membrane phospholipids (65, 128-
130) that could conceivably lead to a decreased synthesis of 
eicosanoids.  A deficiency of prostaglandins also has been 
previously related to schizophrenia (131).  It is therefore 
likely that the reduced AA availability may explain, in part, 
a variety of clinical observations that are usually ignored by 
the receptor-based etiological hypotheses (64).  For 
example, in schizophrenia there appears to be a lower risk 
of arthritis and other inflammatory diseases (132-134), and 
greater resistance to pain (131, 135).  Remission of 
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Figure 3.  Arachidonic acid cascade.  Abbreviations: COX, Cyclooxygenases; CYP, Cytochrome P-450; LOX, Lipoxygenase; 
DiHETE, Dihydroxyeicosatetraenate; EET,     Epoxyeicosatrienate; ETT, Epoxytetraenate; HETE, Hydroxyeicosatetraenate; 
HHT, Hydroxyl-heptadecatrienate; HPETE, Hydroperoxyeicosatetraenate; LT, Leukotriene; LX, Lipoxin; PG,         
Prostaglandin; Tx, Thromboxane. 

 
psychosis during fever has also been observed (131).  This 
pattern of effects could be secondary to abnormal 
eicosanoid signaling.  

 
Both the dopamine excess and cerebral 

perfusion abnormalities associated with schizophrenia 
could be accounted for by a deficiency in the release or 
response to prostaglandins.  PGD2 and other PGs 
stimulate the production of cyclic AMP (cAMP) and 
thereby exert functional antagonism of dopamine-D2 
receptors, which, in turn, modulate inhibition of cAMP 
synthesis (136-137).  PGD2 therefore counteracts the 
biochemical and behavioral effects of dopamine in vitro 
and in vivo.  Moreover, PGD2 administration blocks the 
behavioral effects of dopaminergic agents such as 
apomorphine, L-DOPA, and amphetamine, and induces 
catalepsy in a manner identical to dopamine-D2 receptor 
antagonists such as haloperidol (136-137).  Deficient 
PGD2 signaling in the brain would therefore be expected 
to influence dopamine transmission.  The adverse effect 
of dopaminergic agents on movement may also be 
moderated by neuroleptic-induced oxidative stress 
(138).  A role for PGs as endogenous anti-dopaminergic 
agents is supported by the findings that inhibitors of PG 
synthesis can cause psychotic symptoms in some people 
and can worsen psychotic symptoms in schizophrenia 
patients (139-141).  

3.3. Phospholipids signaling and schizophrenia  
The behavioral and biological complexity of 

schizophrenia disorder has led to a view that the key to 
unraveling its pathophysiology lies in deconstructing the 
clinically-defined illness syndrome into 
pathophysiologically distinct intermediate phenotypes 
(142-143).  We and others have reported evidence 
suggesting that one of these intermediate phenotypes may 
involve phospholipid signaling abnormalities.  Utilizing 
varying types of samples (plasma, RBC, platelets, 
postmortem brain) and methodologies (31P MRS, platelet 
function, niacin-induced flushing), somewhat consistent 
patterns of decreased PUFAs and increased phospholipid 
turnover are apparent (62-66, 129, 144-145), particularly in 
relation to AA.  An abnormality in phospholipid turnover 
could potentially explain many seemingly unrelated 
neurochemical observations in schizophrenia.   

 
Figure 4 shows an adaptation of the model of 

phospholipids turnover that was previously proposed by 
our group (146), in which most of the known data in 
relation to phospholipids turnover and schizophrenia were 
integrated, and includes several mechanisms that could lead 
to increased phospholipid breakdown and AA release, such 
as decreased AA incorporation, and increased 
phospholipase activities (PLA2 and PLC) possibly resulting 
from increased oxidative stress and cytokine release.  The 
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Figure 4. An overview of phospholipids turnover, polyunsaturated fatty acids and cognition in schizophrenia.  Abbreviations:  
AODS, antioxidant defense system;  NT, neurotransmitters;  RO, reactive oxygen species; PC, phosphatidylcholine; PE, 
phosphatidyl-ethanolamine; PI, phosphatidylinositol; apoD, apolipoprotein D;  DA, dopamine; PLA2, phospholipase A2;  PLC, 
phospholipase C; IP3, inositol triphosphate; AA, arachidonic acid;  DHA, docosahexaenoic acid, DAG, diacylglycerol;  LOX, 
lipoxygenase; COX, cyclooxygenase;  2-AG, 2-arachidonoyl glycerol;  GAP, growth-associated protein;  PKC, phosphokinase C; 
CB, cannabinoid.  Adapted from Skosnik and Yao (65). 

 
resulting changes in AA level could then affect more 
‘downstream’ processes, including neurodevelopment via 
GAP-43, neurotransmitter homeostasis, 
phosphatidylinositol signaling, and neuromodulatory 
actions of endocannabinoids (65-66).  
 
3.4. Interactions between monoaminergic 
neurotransmission and PUFAs:  A model for cognitive 
deficits in schizophrenia  

Abnormalities in long-chain PUFAs produce 
alterations in monoaminergic transmission that are 
suggestive of an imbalance between cortical and 
subcortical dopamine activity.  Findings from animal 

studies indicate that PUFA abnormalities, induced by 
chronic dietary deficiency of n-3 fatty acids, have a 
differential effect on monoamine transmission in 
mesocortical and mesolimbic dopamine pathways 
(reviewed by Chalon (67, 147)).  Some of those alterations 
include lower concentration of endogenous dopamine and 
reduced density of D2 receptors in frontal cortex (148-149).  
The range of reduction to endogenous dopamine in frontal 
cortex was substantial; 40-75% less in the rats receiving a 
diet deficient in α-linolenic acid, the precursor of long-
chain n-3 PUFAs (149).  Dietary deficiency of α-linolenic 
acid also produced a decrease in dopamine release within 
frontal cortex following tyramine stimulation, suggesting 



Cognition and bioactive lipids in schizophrenia 
 

321 

reduced release of dopamine from the vesicular storage 
pool (150).  Moreover, the number of vesicles in dopamine 
presynaptic terminals was reduced in frontal cortex of rats 
fed the diet deficient in α-linolenic acid (70).  In 
combination, these data provide support for an association 
between alterations in n-3 PUFA concentrations and 
abnormalities of structure and function within the 
dopamine system. 

 
Altered PUFA status and brain levels of 

monoamines are further associated with abnormalities in 
cognition and behavior.  Fedorova et al. (71) observed 
moderate to profound impairments in spatial learning for 
rats that experienced diet-induced reductions in brain 
levels of DHA (58% reduction compared to controls).  
Importantly, the rats with deficient brain levels of DHA 
also had 50% reduction to dopamine levels in ventral 
striatum and enhanced levels of the dopamine 
metabolite DOPAC (3,4-dihydroxyphenylacetic acid) in 
frontal cortex.  Chalon and colleagues (151) found 
activity level of rats was affected by the influence of 
dietary intake of n-3 PUFA on dopamine 
neurotransmission.  Compared to rats fed a diet low in 
n-3 PUFA, those receiving dietary fish oil developed 
endogenous dopamine concentrations that were 40% 
greater in frontal cortex, increased binding to D2 
receptors in frontal cortex, and decreased binding to D2 
receptors in striatum.  Moreover, ambulatory activity 
was reduced for the rats receiving dietary fish oil, which 
was interpreted as a possible consequence of striatal 
dopamine function on locomotion.  Ng and Innis (152) 
examined the effects of dietary PUFAs and dopamine 
challenge on fear responses and exploratory behavior in 
neonatal piglets.  Piglets fed a diet high in n-3 PUFAs 
for 30 days developed greater levels of DHA in frontal 
cortex and were more efficient during maze learning, 
compared to piglets fed a low n-3 PUFA diet.  However, 
administration of the dopamine precursor L-Dopa abolished 
the dietary group difference in maze performance, 
supporting the importance of DHA to central dopamine 
function.   
 
3.5. Hypothesis:  The relationship between cognition 
and membrane phospholipids in schizophrenia is 
moderated by dopaminergic neurotransmission 

Our group has proposed that semantic memory in 
schizophrenia is influenced by alterations in dopaminergic 
neurotransmission (40-42) and abnormalities in cell 
membrane phospholipids (43).  We further hypothesize that 
the relationship between cognition and membrane 
phospholipids in schizophrenia is moderated by dopamine.  
Findings from our program that support linkages among 
these domains for schizophrenia include:  (1) associations 
between RBC concentrations of the membrane 
phospholipid AA and cognition, including semantic 
memory, reading, and general intelligence; (2) association 
between semantic memory and dopamine turnover, 
measured by level of the dopamine metabolite 
homovanillic acid (HVA) in cerebrospinal fluid (CSF); (3) 
association between membrane phospholipids (RBC AA) 
and dopamine turnover (CSF HVA).  These findings are 
summarized briefly in the following:   

3.5.1. Association between AA and semantic memory, 
reading, and general intelligence 
3.5.1.1. Semantic memory 

Schizophrenia patients are characterized by 
abnormalities in their electrophysiological discrimination 
of semantic information (overview in Section 3.1.2.2.).  In 
healthy individuals, the amplitude of the N400 component 
of the event-related brain potential is typically larger for 
semantically unrelated words (‘dog - pencil’) than for 
words that are meaningfully associated (‘dog - cat’).  This 
differential response is referred to as the N400 semantic 
priming effect.  We previously reported findings for the 
N400 semantic priming effect that was recorded for 
patients with chronic schizophrenia during their 
participation in a double-blind placebo-controlled protocol, 
in which the effects of haloperidol-only were compared to 
placebo (40-41).  While healthy controls exhibited a clear 
differentiation of semantic relationships within the N400 
time window (270-550 ms post-word onset), patients’ N400 
priming response was severely reduced under the placebo 
condition and did not normalize during haloperidol 
maintenance therapy.   

 
Linkage between cognition and membrane 

phospholipids was additionally examined for  a subset of 
this sample of schizophrenia patients for whom both 
cognitive and neurochemistry data were available.  N400 
semantic priming effect – Figure 5 shows the relationship 
between arachidonic acid (AA) and semantic memory 
obtained for a subgroup (n=14) of unmedicated patients 
(originally reported in Condray et al. (43)).  The inverse 
direction of this relationship indicates that increases in 
RBC concentrations of AA were associated with decreases 
in the N400 semantic priming effect (i.e., reduced 
electrophysiological discrimination of meaning).  Reading 
skill and general intelligence – Results based on the same 
subgroup of unmedicated patients demonstrate that 
increases in RBC AA were also associated with decreases 
in single-word reading accuracy (AA and WRAT Reading 
score:  Spearman’s rho = − 0.60, p < 0.05) and decreases in 
general intelligence score (AA and WAIS-R FIQ:  
Spearman’s rho = − 0.61, p < 0.05) (R. Condray, 
unpublished data).   

 
Taken together, these data suggest a coupling 

between AA and cognition in schizophrenia.  We propose 
that the pattern of relationships observed, in which lower 
levels of AA were associated with better cognitive 
performance, are due to defects in the AA cascade.  To 
understand this pattern, however, it is important to consider 
steps that occur during phospholipids biosynthesis, but that 
were not measured in our earlier work (see Section 3.2.2.3. 
and Figure 3).  In addition to the formation of second 
messengers, the newly released AA from membrane 
phospholipids can be converted to a variety of biologically 
active metabolites, collectively referred to as eicosanoids, 
through the concerted reactions of COX, LOX, and CYP.  
As described above, eicosanoids can modulate neural cell 
function.  Because AA is the major C20 PUFA in 
mammalian tissues, the prostaglandin-2 (PG2) and 
thromboxanes-2 series are the predominant classes of 
eicosanoids.  As noted, studies involving the inhibition of
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Figure 5. Relationship between arachidonic acid (20:4n-6) 
(nmol/mL packed RBC) and N400 semantic priming effect 
(µV) for unmedicated schizophrenia patients (n=14).  N400 
semantic priming effect reflects the difference between the 
mean area integration of N400 amplitudes (µV) recorded 
for semantically unrelated and related words over the 270 
to 550 ms range at anterior midline scalp (Fz) [N400-
unrelated words minus N400-related words].  Negativity is 
upward.  Greater negativity in this difference measure 
reflects more typical (or normal) N400 semantic priming 
response.  Abbreviation:  ln, natural log.  Reprinted from 
Condray et al. (43), with permission from Elsevier. 
 

 
 
Figure 6.  Relationship between CSF homovanillic acid 
(pmol/ml) and N400 semantic priming effect (µV) for 
unmedicated schizophrenia patients (n=18).  N400 
semantic priming effect reflects the difference between the 
mean area integration of N400 amplitudes (µV) recorded 
for semantically unrelated and related words over the 270 
to 550 ms range at anterior midline scalp (Fz) [N400-
unrelated words minus N400-related words].  Negativity is 
upward.  Greater negativity in this difference measure 
reflects more typical (or normal) N400 semantic priming 
response.  Abbreviation:  ln, natural log.    
 
COX by nonsteroidal anti-inflammatory drugs show the 
importance of PG2 in the regulation of nerve conduction, 
neurotransmitter release, inflammation, pain, fever, 
immune responses, apoptosis, and psychosis. 

Based on the above considerations, the reduced 
levels of AA in membrane phospholipids observed for 

schizophrenia could conceivably lead to a decreased 
synthesis of eicosanoids, a possibility that receives support 
from the finding of reduced levels of prostaglandins for this 
patient group.  Our findings of inverse correlations between 
patients’ cognitive performance and their levels of AA may 
be due to such defects in the AA cascade.  Thus, one 
plausible explanation for these inverse relationships is that 
patients’ potential precursor pool of AA, which is available 
for conversion to PGD2 through COX, is limited.  The 
better cognitive performance that was associated with 
lower levels of phospholipids AA may therefore indirectly 
reflect higher levels of free AA that lead to synthesis of 
PGD2.  This interpretation requires careful empirical 
testing. 
 
3.5.2. Association between semantic memory and 
dopamine turnover   

Figure 6 presents the correlation obtained 
between HVA  levels in cerebrospinal fluid and the N400 
semantic priming response for patients evaluated during 
placebo replacement (R. Condray, unpublished data).  The 
direction of this relationship indicates that increases in CSF 
level of HVA were associated with increases in N400 
semantic priming (i.e., more typical or normal 
electrophysiological response to semantic activation).  
(Details for measurement of CSF data are provided in van 
Kammen et al. (153)). 
 
3.5.3. Association between membrane phospholipids 
and dopamine turnover 

Our hypothesis that dopaminergic 
neurotransmission plays an important role in the 
relationship between cognition and membrane 
phospholipids receives support from two additional aspects 
of our data:  (a) As shown in Figure 7, concentrations of 
arachidonic acid and levels of HVA were significantly and 
negatively correlated for patients during placebo 
replacement (R. Condray, unpublished data), indicating that 
increases in CSF HVA were associated with decreases in 
RBC AA.  This relationship is suggestive of linkage 
between dopamine neurotransmission and AA cascade for 
schizophrenia, although this possibility requires careful 
empirical testing.  (b) AA concentration and semantic 
memory response were significantly correlated only for 
patients when unmedicated during placebo replacement; 
AA and semantic memory were not correlated when 
patients were receiving maintenance doses of haloperidol, a 
typical antipsychotic drug with high affinity for dopamine 
D2 receptors.   
 
4. SUMMARY AND PERSPECTIVE 
 

The cause(s) of the hypothesized interaction of 
PUFAs and monoamine neurotransmission have not been 
determined although the cumulative evidence suggests a 
high degree of functional interdependence.  Cortical levels 
of phospholipids influence structure and transmission 
within dopaminergic pathways.  Stimulation of dopamine 
D2 receptors can enhance the activation of PLA2 and 
subsequent release of arachidonic acid from membrane
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Figure 7. Relationship between CSF homovanillic acid 
(pmol/ml) and arachidonic acid (20:4n-6) (nmol/mL packed 
RBC) for unmedicated schizophrenia patients (n=14).  
Abbreviation:  ln, natural log.   

 
phospholipids.  Arachidonic acid and dopamine are tightly 
coupled to cognition and behavior.  In combination, it is 
therefore possible that such interconnected trajectories are 
compromised in schizophrenia due to the known 
abnormalities involving the n-6 family of phospholipids 
and PLA2, one of the enzymes key for phospholipids 
breakdown.  As discussed above, PUFA dysregulation has 
been consistently observed for schizophrenia, primarily 
involving decreased levels of AA.  Possible causes of this 
dysregulation include increased PLA2 activity and 
decreased incorporation of AA into membrane 
phospholipids (reviewed by Skosnik and Yao (65)).  

 
Our model of the combined influence of 

membrane PUFAs and monoamine neurotransmission on 
cognition in schizophrenia (Figure 1) was adapted from the 
model that was proposed earlier by our group (Figure 4), in 
which the known data in relation to phospholipids turnover 
and schizophrenia were integrated (65, 146).  As we have 
emphasized, that model included several mechanisms that 
can lead to increased phospholipid breakdown and AA 
release, such as decreased incorporation of AA into 
phospholipids, and increased phospholipase activities 
(PLA2 and PLC), possibly resulting from increased 
oxidative stress and cytokine release.  Furthermore, the 
resulting changes in AA level could then influence more 
‘downstream’ processes, including neurodevelopment via 
GAP-43, neurotransmitter homeostasis, 
phosphatidylinositol signaling, and neuromodulatory 
actions of endocannabinoids (65-66).   

 
Our principal assumption for cognitive disorder 

in schizophrenia is related mostly to the effects of 
alterations in AA signaling and its interaction with the 
neurochemistry of monoamine transmission, particularly 
dopamine. We predict that AA also influences the 
neurochemistry of glutamate release, and circulating levels 
of the endocannabinoids anandamide and 2-arachidonoyl-
glycerol (2-AG).  In addition, alterations in AA may also 
affect the inflammatory response, which can then affect 
PLA2 release via cytokines, further exacerbating 

phospholipid turnover and AA release.  Hence, in our 
current conceptualization, a biological abnormality 
involving AA could account for a portion of the deficits in 
neurocognition observed in schizophrenia.  
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