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Background: The primary prevention of illness at the population level, the ultimate aim of medicine, seems 
out of reach for schizophrenia. Schizophrenia has a strong genetic component, and its pathogenesis begins 
long before the emergence of psychosis, as early as fetal brain development. Cholinergic neurotransmission 
at nicotinic receptors is a pathophysiological mechanism related to one aspect of this genetic risk. Choline 
activates these nicotinic receptors during fetal brain development. Dietary supplementation of maternal 
choline thus emerges as a possible intervention in pregnancy to alter the earliest developmental course of 
the illness.
Aims: Review available literature on the relationship of choline supplementation or choline levels during 
pregnancy and fetal brain development.
Methods: A Medline search was used to identify studies assessing effects of choline in human fetal 
development. Studies of other prenatal risk factors for schizophrenia and the role of cholinergic 
neurotransmission in its pathophysiology were also identified. 
Results: Dietary requirements for choline are high during pregnancy because of its several uses, including 
membrane biosynthesis, one-carbon metabolism, and cholinergic neurotransmission. Its ability to act 
directly at high concentrations as a nicotinic agonist is critical for normal brain circuit development. Dietary 
supplementation in the second and third trimesters with phosphatidyl-choline supports these functions 
and is associated generally with better fetal outcome. Improvement in inhibitory neuronal functions whose 
deficit is associated with schizophrenia and attention deficit disorder has been observed. 
Conclusions: Prenatal dietary supplementation with phosphatidyl-choline and promotion of diets rich in 
choline-containing foods (meats, soybeans, and eggs) are possible interventions to promote fetal brain 
development and thereby decrease the risk of subsequent mental illnesses. The low risk and short (six-
month) duration of the intervention makes it especially conducive to population-wide adoption. Similar 
findings with folate for the prevention of cleft palate led to recommendations for prenatal pharmacological 
supplementation and dietary improvement. However, definitive proof of the efficacy of prenatal 
choline supplementation will not be available for decades (because of the 20-year lag until the onset of 
schizophrenia), so public health officials need to decide whether or not promoting choline supplementation 
is justified based on the limited information available.
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1. Introduction
Difficulties treating schizophrenia are found in all 
countries. Prenatal maternal starvation and infection 
are both well-established environmental risk factors 
for schizophrenia and call attention to this period as 
the earliest one in which a significant part of the risk 
for later schizophrenia occurs.[1,2] The foresight of 
several groups to collect sera from pregnant women 
has made it possible to conduct epidemiological studies 

of risk factors for schizophrenia in their offspring many 
years later. However, other than assuring general 
maternal nutrition and encouraging immunization, 
these epidemiological studies have not, as yet, resulted 
in recommendations for specific prenatal preventive 
interventions. This situation is not surprising as the 
greatest single risk factor for schizophrenia is genetic, 
accounting for over 50% of the risk.[3] The central role of 
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genetic risk also points to the prenatal period, as many 
genes that convey risk for schizophrenia are expressed 
at much higher levels in the fetal brain than later in life.[4] 

Infants do not express the symptoms of psychosis, 
so we must investigate the early development of 
abnormal brain function that might later become 
manifest as schizophrenia. Infants who manifested 
difficulties with limb movement in films taken by their 
parents during the first year of life – interpreted as 
evidence of a brain abnormality that occurred before 
birth – have an increased probability of subsequently 
developing schizophrenia.[5] Additional risk factors 
occurring during childhood, such as abuse and migration 
into a stressful urban environment, also appear to 
increase the risk for schizophrenia; however, no factor in 
childhood has been identified as a protective factor that 
reduces the risk of subsequent schizophrenia.[6,7] Some 
of the elevated gene expression in fetuses switches to 
adult levels soon after birth; this suggests that the brief 
window of prenatal development may be biologically 
irreversible. Thus, intervention in the prenatal period 
could potentially prevent developmental pathology 
that might later result in schizophrenia or other serious 
mental illness. However, primary prevention during the 
prenatal period necessarily means offering a potential 
preventive treatment for schizophrenia to over 100 
pregnant women to prevent schizophrenia in the one 
person who would be expected to subsequently develop 
schizophrenia. The strategy of any preventive treatment 
is to affect early development of the pathophysiological 
basis of illness, but intervening during this critical 
prenatal window also means that unintended effects 
of the preventive treatment are impacting the most 
delicate period of development in the human life cycle. 
The possibility that results will not be known fully until 
decades later compounds the issue.

Nonetheless, models for the highly successful 
treatment of prenatal developmental defects exist. The 
most notable is the use of folate to reduce the incidence 
of cleft palate and other developmental issues related to 
the closing of midline structures, including spina bifida. 
Like mental illnesses, there are a number of genetic 
factors that influence this developmental problem. 
Testing for the genetic mutations would involve deep 
sequencing of many genes, with the possibility that 
some mutations might not be detected. Moreover, 
the mutation detection approach to prevention leaves 
parents with abortion of the fetus as the only possible 
remedy. Based on the findings of basic science studies 
showing the effects of folate on midline closure, 
maternal folate supplements became standard prenatal 
care for all women, regardless of the level of risk for 
cleft palate, spinal bifida, or other similar developmental 
abnormalities. It is notable that neither attention to 
diet alone nor supplements alone are as effective as the 
combination of both interventions.[8,9] The end result is 
that a difficult-to-treat developmental abnormality has 
seen a dramatic drop in incidence. 

This review summarizes the emerging evidence 
that prenatal supplementation with choline might have 

a similar protective effect for schizophrenia and related 
mental disorders. This evidence might be relevant for 
public health initiative in countries, including China, 
that are concerned with the population-wide burden of 
mental illness. Because this possibility is just beginning 
to receive research attention as a target for intervention, 
there is little evidence to review systematically. A 
substantial portion of the interventional research has 
been conducted in only a few centers, including ours in 
Denver. Currently, neither prenatal choline nor any other 
specific prenatal intervention (except for multivitamins 
and folate) is recommended for either standard or high-
risk prenatal care.
 
2. Methods
Medline was searched for key words ‘pregnancy’ or 
‘fetal development’, both terms limited to humans. 
The resulting papers were then searched for articles 
that also contained the key word ‘choline’. The papers 
in the final set of 191 papers were then examined for 
relevance to dietary supplementation of pregnant 
women with choline or to the impact of choline levels 
during pregnancy of fetal brain development. As shown 
in Figure 1 and Table 1, eight papers were identified 
from 2012 onwards. There were no earlier papers that 
fit the two criteria of either measuring choline levels 
or intervening with choline and measuring an outcome 
related to cognition or risk for clinical illness. A parallel 
search of two major Chinese-language databases (CNKI 
and WanFang Data) identified no phosphatidyl-choline 
trials and the Chinese clinical test registration center 
(http://www.chictr.org/cn/) had no relevant trials. 
There are some intervention studies in China using 
folate supplementation, but they assess prevention of 
birth defects, not cognitive functioning. In China regular 
folate supplementation is recommended for pregnant 
women but there are no clinical recommendations for 
using phosphatidyl-choline.

Figure 1. Identification of relevant articles

Medline search for choline and the combination of 
pregnancy or fetal development in humans

191 articles retrieved

8 articles selected for relevance to the development 
of pathophysiological mechanisms of  schizophrenia

A general review of issues related to dietary choline 
supplementation in pregnancy is already available,[18] 

and an earlier review of the role of choline in fetal 
development focused on the results of animal model 
research that formed the rationale for a human test 
of phosphatidyl-choline supplementation (described 
below[19]). Neither of these reviews considers outcomes 

http://www.chictr.org/cn/


3. Results
3.1 Alpha-7 nicotinic receptors in schizophrenia
Identification of choline as a possible factor in the 
development of schizophrenia arose from investigation 
of the neurobiological basis of inhibitory dysfunction 
in schizophrenia. Patients with schizophrenia describe 
an uncontrollable flooding of sensory information, 
particularly when they are acutely psychotic. At other 
times, they may purposefully withdraw from sensory 
stimulation and isolate themselves, or they may form 
hallucinations and delusions, which often seem to 
arise from attempts to comprehend stimuli that most 
people ignore. For example, a patient who cannot 
shut out others’ conversations around him from his 
awareness may conclude that people are talking about 
him. From a neurobiological perspective, a deficit in 
cerebral inhibition is a possible underlying neuronal 
mechanism. One test of inhibition is to examine the 
decrement in response when two stimuli are presented 
in close succession.[21] The first stimulus excites a set 
of neurons, but it also activates inhibitory neurons 
whose activity can last for up to 10 seconds. Generally 
the most robust inhibition is within the first 500 ms as 
GABAergic inhibitory neurons are activated. The test of 
the magnitude of inhibition is then the response to the 
second stimulus, which elicits less excitatory response 
because of the inhibition activated by the first stimulus. 

We and others have studied neuronal inhibition 
in schizophrenia using auditory stimuli and measuring 

neuronal response using auditory evoked response 
recorded electroencephalographically. P50, a positive 
wave occurring 50 ms post stimulus, is a useful marker. 
Most normal subjects diminish the response to the 
second of a pair of stimuli by at least 50%, whereas 
most patients with schizophrenia do not. Not only are 
patients in the family affected, but one parent and half 
the unaffected siblings are also affected.[22-24] Genome-
wide linkage identifies a locus at chromosome 15q13 in 
the CHRNA7 gene.[22] A combination of pharmacological 
and genetic studies in rodent models of human P50 
auditory evoked responses identified CHRNA7, the 
gene that forms the alpha-7 nicotinic acetylcholine 
receptor subunits, as a candidate gene for the deficit in 
neuronal inhibition.[22] Subsequent molecular studies 
of patients with schizophrenia have identified several 
deficits in Caucasians, Asians, and Africans, including 
single nucleotide polymorphisms (SNPs) in the gene’s 
promoter, abnormalities in a nearby partial gene 
duplication which can produce a truncated peptide 
that interferes with the assembly of alpha-7 nicotinic 
receptors, and copy number variations (CNVs) in 
which CHRNA7 is deleted.[25-28] All this evidence points 
to a genetically-determined deficiency in alpha-7 
nicotinic receptors as a genetic factor in the onset and 
development of schizophrenia. Postmortem studies 
identify receptor decreases in the hippocampus, 
cerebral cortex, and the thalamus.[29,30] Many patients 
with schizophrenia smoke heavily, which can activate the 
alpha-7 nicotinic receptor. Compared to other nicotinic 
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research. We also reviewed other relevant basic 
science and clinical investigations of cholinergic 
mechanisms in development and in psychosis, including 

documents from the Institute of Medicine of the National 
Academies of Science of the United States concerning 
recommendations for dietary choline in pregnancy.[20] 

Table 1. Bibliography of selected articles about clinical and biological effects of maternal choline 
supplementation or of maternal choline blood levels 

Cheatham,
2012 [10]

This randomized trial found no significant effects on cognition from prenatal choline supplementation. 
However, the placebo-treated women had unusually high levels of betaine, a choline metabolite, which 
suggests that they had consumed high levels of choline in their diet. The trial was double blind, but for ethical 
reasons participating women were informed that the goal of the trial was to increase their choline levels and 
that a diet rich in meat and eggs can do this.

Villamor, 
2012 [11]

This observational study found that maternal self-reported high dietary intake of choline (a methyl-donor 
nutrient) does not predict better cognition in the offspring at 3 years of age (see Boeke 2013 below).

Wu,
2012 [12]

This observational study was the first to find that both choline and the metabolite betaine are associated 
with cognitive function in offspring.

Jiang,
2012 [13]

The assessment in this study is biochemical, but the gene methylation considered is associated with lower 
stress-reactivity, a positive clinical outcome. 

Yan,
2012 [14]

This biochemical assessment identified one of the first biomarkers of choline effect that has been used in 
observational and interventional studies.

Wu,
2013 [15]

This paper shows that even though fish is generally lower in choline than mammal meat, liver, or eggs, in 
sufficient quantity it contains adequate choline content.

Boeke,
2013 [16]

This study is a follow-up of the 2012 paper by Villamor[11] which now shows cognitive effects into middle 
childhood of maternal self-reported high dietary choline.

Ross,
2013 [17]

This randomized intervention, conducted in an impoverished urban environment, found positive effects on 
cognition of choline supplementation during pregnancy. 



receptors, including those genetically associated with 
smoking , the alpha-7 nicotinic receptors require nearly 
three times the concentration of nicotine for activation, 
though it is also then inactivated or desensitized more 
quickly than the other receptors.[31]

3.2 Role of alpha-7 nicotinic receptors in brain 
development

In the hippocampus and frontal cortex, the level of 
CHRNA7 and the alpha-7 nicotinic receptor is almost 10-
fold greater during fetal development than during adult 
life.[4,32] The high level of expression in the fetus drops 
suddenly in newborns and stays at the same relatively 
low level throughout adulthood. The high level in the 
fetus is not confined to inhibitory neurons (where 
most expression occurs in adult life) but also occurs 
in developing excitatory pyramidal neurons, where it 
covers the cell body and dendrites (Figure 2). After birth 
pyramidal neurons no longer express alpha-7 nicotinic 
receptors on their cell bodies and dendrites. Alpha-7 
nicotinic receptors allow calcium ions to enter the cells, 
as do NMDA-type glutamate receptors. This influx of 
calcium appears necessary to stimulate the development 
of the mature form of the chloride ion transporter KCC2 
(neuronal potassium-chloride symporter) that allows the 
neurons to hyperpolarize to their adult resting potential.
[33,34] The immature embryonic form is not capable of 
enough chloride transport to hyperpolarize the neurons, 
so GABA is initially excitatory in fetal neurons but 
becomes inhibitory in adult neurons. The major window 
for this transition in humans is the second and third 
trimester of fetal life. In persons with schizophrenia, this 
transition does not fully occur, which may account for 
some of their inhibitory deficits after birth.[35,36] 

3.3 Choline’s effects on neonatal pathophysiology 
associated with schizophrenia

Alpha-7 nicotinic receptors in the cerebrum do not 
receive their cholinergic innervation until just before 

birth, when the cholinergic afferents from the midbrain 
reach the hippocampus, thalamus, and cerebral cortex.
[37] Therefore, acetylcholine is not the primary activator 
of the receptors during this period. Alpha-7 nicotinic 
receptors can also be activated by choline itself, at 
millimolar concentrations, many orders of magnitude 
higher than the concentrations required for activation 
by acetylcholine. [38,39] Once cholinergic synapses 
form (late in pregnancy), choline itself is no longer 
a significant source of activation of alpha-7 nicotinic 
receptors, so choline levels do not impact cholinergic 
neurotransmission in adults. However, in fetal life the 
concentration of choline does affect the activation of 
alpha-7 nicotinic receptors. 

The necessary millimolar concentrations of choline 
are normally found in the amniotic fluid. However, 
choline has many uses in fetal life, principally as a central 
component in the synthesis of cell membranes (which 
requires large quantities of phosphatidyl-choline), but 
also as substituent along with folate in the one-carbon 
metabolism cycle. Although choline deficiency does 
not occur in non-pregnant adult women, it is estimated 
that approximately 30% of women are choline deficient 
during pregnancy because of the extraordinary 
requirements for choline by the fetus.[18] About one-
third the necessary choline can by synthesized by 
the woman herself; the remainder requires dietary 
intake. The principal regulatory enzyme is PEMT, 
phosphatidylethanolamine N-methyltransferase. 
Common SNPS in the PEMT gene are associated with 
inability to produce extra choline during periods of 
deficiency. In Asians, these polymorphisms have been 
associated with increased rates of schizophrenia.[40] 

Famine, which affects many nutrients, is one cause 
of choline deficiency. Famines in both China and in 
Holland have been associated with increased risk for 
later schizophrenia in the offspring of women who 
were pregnant during the famines.[2,41,42] Although 
individual nutrients were not assessed in either 
famine, the Chinese famine appears to have involved 

Figure 2. Activation of alpha-7 nicotinic receptors in fetus and adults

During fetal development (left panel), cerebral alpha-7 nicotinic receptors are found on both pyramidal cells and interneurons. Choline in the extracellular 
fluid, rather than synpatic release of acetylcholine from cholinergic synapses (which have not yet reached the cerebrum), activates these fetal receptors. 
Postnatally (right panel), when cholinergic innervation has developed, acetylcholine activates the receptors, which are then restricted to interneurons. The 
activation of alpha-7 nicotinic receptors is required for the conversion of GABA from excitatory in fetal life to inhibitory in adult life and for the conversion 
of excitatory glutamate neurotransmisson from slower NMDA-type receptors to faster AMPA/kainate-type receptors.
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deprivation of nutrient-containing foods, while some 
caloric intake was maintained.[41,42] The Dutch famine 
appears to have resulted in nearly complete deprivation 
of both nutrients and overall calories. Choline is found 
in significant amounts in animal cell membranes, so 
meat or eggs are the most concentrated sources. 
Among non-animal sources, soybeans have the highest 
levels. The recommendations from various sources 
for dietary intake of choline acknowledge that there 
are few scientific studies that justify the current 
recommendations.[20] 

Serum choline levels in normal women who are 
not in famine areas vary from 8-12 microM/L.[43] The 
reasons for this variance are several. One possibility is 
the genetic variation in PEMT, a second is variance in 
dietary intake of choline-containing foods, and a third is 
maternal stress. During stress, the woman preferentially 
holds choline in her own liver, which lowers the levels 
observed in the serum that is available to the fetus. 
Stress can occur for different biopsychosocial reasons, 
including stressful economic or social circumstances 
surrounding the pregnancy or in the community, 
maternal mental illnesses like anxiety and depression, 
and physical illnesses such as infection. All these factors 
have also been associated increased risk of subsequent 
schizophrenia among the women’s children.[44]

Nicotine is not known to affect choline levels, but it 
does have a complex interaction with alpha-7 nicotinic 
receptors.[45] A single high dose of nicotine, which can 
occur after smoking an initial cigarette, binds to the 
receptor and opens the pore that admits ions. However, 
the receptor pore then closes with the nicotine still 
bound to the receptor, which leaves the pore blocked 
rendering the receptor incapable of further activation. 
This inactivated or desensitized state persists in the 
continued presence of nicotine. Most regular smokers 
have high levels of nicotine in their bodies on a chronic 
basis; in a pregnant smoker the maternal nicotine 
would reach the fetus deactivating its alpha-7 nicotinic 
receptors. 

The effects of these various risk factors for poor 
neuronal development and later schizophrenia can be 
observed by conducting cerebral electrophysiology on 
infants. We recorded the P50 response from newborns 
and a variant of the technique was used to record 
P50 evoked potentials in adults. During active sleep, 
when infants are in a cerebral state similar to rapid eye 
movement sleep in adults, P50 evoked potentials can be 
elicited; the mean level of inhibition in the paired pulse 
stimulation paradigm among infants is similar to that 
observed in adults. However, inhibition is decreased in 
infants with a psychotic father or mother, and in infants 
with a mother who is depressed, anxious, or a smoker.[46] 
Newborn inhibition thus reflects the pathophysiological 
effect of in utero exposure to factors that increase the 
offspring’s later risk for schizophrenia.[47-49] The long-
term consequences of these deficiencies in inhibition 
in newborns can be observed when the offspring are 
assessed at 40 months of age, by which point reliable 

parental observations of the child’s behavior can be 
obtained.[50] Parents of children with normal cerebral 
inhibition at birth are significantly less likely to report 
symptoms of attention deficit disorder in their children 
40 months after birth than those whose children had 
reduced inhibition at birth. (Figure 3)

Figure 3. Relationship of cerebral inhibition assessed 
by auditory evoked P50 ratio during the first 
month of life with the number of attention-
deficit hyperactivity symptoms at 40 months 
of age (reprinted with permission from 
Hutchison et al.[50]) 

3.4 Randomized controlled trials of dietary choline 
supplementation in pregnancy to decrease risk 
for later mental illness

The pathophysiology of alpha-7 nicotinic receptor activa-
tion and associated clinical findings raise the possibility 
that an intervention to improve the development of 
cerebral inhibition in fetal life might decrease the risk 
for later schizophrenia. Both genetically diminished 
numbers of alpha-7 nicotinic receptors and deficiencies 
in choline might contribute to abnormalities in the 
development of cerebral inhibition. At this point there 
is no known way to increase alpha-7 nicotinic receptors 
if they are genetically deficient. Such deficiencies can 
occur because of mutations in the CHRNA7, but they 
also can occur from deficiencies in the other genes such 
as neuregulins, which are required to assemble alpha-7 
nicotinic receptors.[51] 

Choline can be manipulated by altering dietary 
intake. We first tried the experiment in animals, using 
a mouse strain with a genetically deficient CHRNA7, 
resulting in about 50% of the normal number of alpha-7 
nicotinic receptors. The strain’s mutation affects 
only the expression, not the normal structure of the 
receptor. Supplemental dietary choline was provided 
at four times usual dietary amounts from conception 
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Fifty children were included in the study. The Child Behavior Checklist, 
completed by the parents, was used to assess the number of ADHD 
symptoms at 40 months of age. Inhibition at one month was a significant 
predictor of the number of attention deficit-hyperactivity symptoms at 40 
months (F1,46 = 5.40, p = 0.025). 
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through weaning for half the animals. Upon weaning, 
all animals were fed diets with usual amounts of choline 
until adulthood. At adulthood, those mice whose 
mothers had been supplemented had significantly 
greater cerebral inhibition than those whose mothers 
had received the usual diets.[52] The experiment raised 
the possibility that perinatal choline might overcome 
the genetic deficiency in alpha-7 nicotinic receptors and 
produce mice offspring with a permanent enhancement 
in cerebral inhibition. To determine if the effect was due 
to specific interaction with alpha-7 nicotinic receptors, 
the experiment was repeated in mice of the same 
strain whose alpha-7 nicotinic receptors were entirely 
removed by a CHRNA7 null mutation. These animals 
failed to show the enhancement of cerebral inhibition 
after perinatal choline supplementation, which indicates 
that the choline needs to interact with alpha-7 nicotinic 
receptors.[53] 

Based on these animal model experiments, we 
secured permission from United States Food and 
Drug Administration (U.S. FDA) to conduct a placebo-
controlled trial of choline supplementation in pregnant 
women.[17] The women were selected to have normal 
pregnancies with no history of fetal defects or known 
genetic abnormalities such as Down’s syndrome. The 
woman’s mental illness was not a consideration; about 
half had lifetime histories of anxiety or depression; 
one was psychotic. Many of the women were generally 
highly stressed by the pregnancy because of their 
relatively low socioeconomic status. Women who 
smoked were excluded as were those who used drugs 
but those who stopped smoking or using drugs because 
of pregnancy were accepted into the study. All women 
provided written informed consent, and the project was 
approved by the Colorado Multi-Institutional Internal 
Review Board and the National Institute of Mental 
Health. 

Choline as a dietary nutrient is on the U.S. FDA 
‘Generally Recognized as Safe’ List, so it does not 
require approval as a food additive, but since we were 
proposing an effect on future disease, approval was 
required and granted. All women received repeated 
dietary advice to eat food high in choline by an 
obstetrical nurse during regular visits. They also were 
referred for treatment of anxiety or depression, asked 
to take prenatal vitamins including high dose folate, 
and to receive vaccination against influenza and regular 
obstetrical care. The nurse and the pregnant woman 
were blind to choline or placebo assignment. Choline 
was administered as 7 capsules, 4 in the morning and 
3 at night, each containing 900 mg of phosphatidyl-
choline. The total daily choline supplement was 900 
mg, approximately twice the recommended dietary 
intake. Although choline in food is absorbed from the 
small intestine without problem, a bolus of choline 
administered as a supplement would reach the large 
intestine, where intestinal bacterial produce trimethyl-
urea. While it is not harmful, some women experience 
a fishy odor which is distasteful. Phosphatidyl-choline is 
well absorbed and the form most present in food. It is 
impervious to bacterial catabolism. 

At birth, the infant was administered phosphatidyl-
choline drops, 700 mg per day, for an additional month 
if the mother had received choline during pregnancy; 
a placebo was administered to the infants whose 
mothers received placebo during pregnancy. Based on 
the results we obtained at 3 months showing that most 
infants, regardless of treatment, eventually develop 
some cerebral inhibition, in future trials we will not 
supplement the infants post birth. About half the 
women in both groups fed their babies with breast milk 
predominantly. There were no serious side effects that 
were observed in greater frequency in choline-treated 
pregnancies for either mother or baby. Babies regardless 
of treatment had a normal range of weight, head 
circumference, length, gestational age, and Apgar scores 
at birth and were normal for overall developmental 
assessment at 6 months.  

Recordings of P50 evoked potentials were performed 
at one and three months after birth. Inhibition of the 
P50 potential in the paired stimulus paradigm by at 
least 50% was the pre-determined criterion for normal 
development of cerebral inhibition. Significantly 
more of the choline-treated newborns at one month 
achieved that criterion than the placebo-treated infants 
(Figure 4). At three months, there was no significant 
difference between the groups. The catch-up by the 
placebo-treated infants is typical of early developmental 
abnormalities, which, regardless of later significance, 
often disappear in early childhood. For example, 
movement abnormalities observed in films of infants 
who later developed schizophrenia also disappeared 
quickly. What is more concerning is that 20% of infants 
in both groups continued to have abnormal cerebral 
inhibition. These tended to be lower birth weight 
males, who are generally susceptible to an increase 
in developmental issues. We do not know if higher 
doses of choline would have increased their cerebral 
inhibition. It remains to be seen whether or not the 
choline-treated babies will have fewer attention deficit 
symptoms than the placebo-treated babies–as predicted 
from their one month P50 evoked potential. Of course, 
the long-term outcome in adulthood, including the 
risk for schizophrenia, will not be known for over two 
decades.

3.5 Other substances and other effects of choline in 
human prenatal development 

Most studies of maternal conditions that affect the risk 
for schizophrenia rely on epidemiological methods, 
based on samples of maternal serum collected at or 
near birth 20 to 30 years earlier. None of these studies 
have examined choline content. Vitamin D levels show a 
biphasic relationship with higher levels and lower levels 
associated with increased risk for schizophrenia.[54] 

Omega-3 fatty acids and folate, though important 
nutrients, are not known to affect the fetal risk for 
schizophrenia, but have been shown to prevent the 
transition from prodrome to psychosis.[55] 

Many women smoke early in the first trimester and 
then stop when they realize they are pregnant. We had 
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Figure 4. Averaged P50 evoked potentials and P50 ratio in infants treated in utero and after birth with choline 
or placebo supplementation. (reprinted with permission from Ross et al.[17])

A. P50 Response to Paired Stimuli

B. P50 Suppression Ratio at 33 Days

First response (ms) Second response (ms)

Panel A shows recordings of P50 averaged evoked potentials in two infants. The gestation-adjusted age is 30 days for the infant treated with choline and 
29 days for the infant treated with placebo. For each infant, the two auditory stimuli were delivered 0.5 seconds apart. The diminished amplitude 
of the second response relative to the first demonstrates cerebral inhibition, quantified as the P50 ratio, which was 0.38 in the choline-treated 
infant and 0.92 in the placebo-treated infant. Positive potential is upward; amplitudes were measured from the preceding negative potential, both 
indicated by tick marks. 

Panel B is a histogram of the P50 ratio at a mean adjusted age of 33 days. The dashed line demarcates the normal level of P50 inhibition, ratio 0.5. More 
choline than placebo-treated infants were in this normal range (x2=6.90, df=1, p=0.009). 
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ten women who smoked early in pregnancy but stopped 
when our nurse observed them. We excluded these 
women from the primary data analysis. Regardless of 
treatment, the infants generally had normal levels of 
cerebral inhibition at one month. A similar phenomenon 
has been observed with infant lung function, which 
also reflects nicotinic receptor activation. Infants whose 
mothers smoked early in pregnancy and then stopped 
have better pulmonary function because of their early 
nicotine exposure.[56] Once the nicotine itself, which 
desensitizes the receptors, is removed, the increased 
numbers of now active receptors appears to improve 
pulmonary development. At three months, however, 
these infants whose mothers smoked had abnormal 
cerebral inhibition, the only infants to lose inhibition 
once it had developed. We hypothesize that the loss 
of inhibition is due to second-hand smoke from the 
mother who likely resumed smoking sometime after 
giving birth.

Choline has other roles in fetal development, as 
noted before. Large amounts of choline are needed for 
the construction of cell membranes, but relatively low 
concentrations of choline are sufficient to achieve this.[57] 
At moderately higher levels, choline participates in one 
carbon metabolism; choline supplementation has been 
observed to increase DNA methylation, which would 
have possible effects on gene functions.[58] Choline’s 
role as an alpha-7 nicotinic agonist requires the highest 
concentrations, although no choline is consumed in 
the process. Evidence that it has a specific effect on 
choline receptors comes from genotyping the infants 
in our study. In the placebo-treated babies, a CHRNA7 
polymorphism in the gene’s promoter that is associated 
with schizophrenia was also associated with decreased 
P50 inhibition, consistent with the hypothesis that 
the pathophysiological effect of the gene manifests 
early in development.[54] In the choline-treated babies, 
this effect was not observed; the infants had normal 
cerebral inhibition regardless of genotype, consistent 
with the hypothesis that dietary choline can overcome 
the genetic effect, as was previously seen in the animal 
model experiments.[52]

There has been one other randomized trial of 
prenatal choline to assess whether it had overall effects 
on cognitive function in infants.[10] A slightly lower 
dose of choline was administered, and the children’s 
cognition was tested at one year and not found to differ 
between the placebo and choline-treated groups. The 
results were significantly influenced by higher estimated 
betaine and choline in the diets of the placebo-treated 
women (betaine is intro-converted with choline). The 
women in this study had higher levels of education and 
socioeconomic status than the women in our study, 
which may have allowed them to eat better diets during 
their pregnancy. Assessment of maternal choline intake 
by dietary questionnaires in observational studies 
have not detected effects on childhood cognition at 3 
years of age.[11] Thus, the more robust supplementation 
we used may be necessary to obtain significant effects. 

However, in a subsequent study of the same children at 
7 years of age, estimated maternal choline intake above 
400 mg/day did have significant effects on cognition.[16] 
Another observational study that measured free plasma 
choline and a related metabolite, betaine, in mid-
second trimester found a range between 8.10 and 11.3 
micromol/L, with a mean level of 9.40 micromol/L. The 
mean (sd) estimated choline dietary intake was 383 (99) 
mg/day, lower than the recommended 450 mg/day. In a 
multiple regression analysis of the results, both plasma 
free choline (Beta=6.05, SE=2.83, p=0.009) and betaine 
(Beta=7.35, SE=1.93, p=0.002) were significantly related 
to infant neurodevelopmental milestones at 18 months. 
Other nutrients, including vitamin B12 and folate, were 
not related.[12] An observational study that measured 
both serum free choline and phosphatidyl-choline[43] 
found high levels in relatively advantaged mothers; 
phosphatidyl-choline levels correlated highly with the 
child’s performance IQ at age 5, but the effect was not 
significant (r=0.77, p=0.28 for maternal levels at 18 
weeks and r=0.92, p=0.25 for cord blood). 

Other studies of choline in pregnancy have 
focused on levels and effects on gene methylation. 
Higher dietary intake (930 mg/day versus 480 mg/
day) increased promoter methylation of the genes for 
corticotropin releasing factor and the glucocorticoid 
receptor.[13] Cord plasma cortisol levels were 53% 
lower for the infants whose mothers received the 
higher choline diets. In a second study, higher choline 
diets produced a doubling of the levels of the choline 
metabolite dimethylglycine in cord plasma, consistent 
with the participation of dietary choline in one-carbon 
metabolic pathways, including those that methylate 
DNA.[14] In a study of choline measurements during 
pregnancy in the context of impoverished diets 
conducted in Jamaica, estimated mean dietary choline 
intake was 278 (29) mg/day.[59] Mean plasma choline 
levels were 8.4 (0.4) micromol/L, which is the low end 
of the range observed in the United States.[59] A study 
with stable isotopes showed selective partitioning of 
choline in the fetus, for both cell membrane synthesis 
and for methylation pathways, confirming the 
tremendous fetal need for choline.[60]   

4. Discussion 

4.1 Main findings
The evidence base supporting the use of prenatal 
choline supplementation to prevent the subsequent 
development of schizophrenia and other mental 
illnesses is very limited, both because this is a new field 
that is just beginning to receive research attention and 
because of the 20-year lag between the intervention 
(prenatal choline supplementation) and the outcome of 
interest (schizophrenia). Several studies have identified 
the important role alpha-7 nicotinic receptors play in 
the development of neuronal inhibition and the need 
for high concentrations of choline during the second 
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and third trimesters of pregnancy to activate these 
receptors. Animal studies and retrospective studies in 
humans suggest that prenatal choline supplementation 
and prenatal maternal levels of choline are associated 
with cognitive functioning in neonates and infants and 
with attention deficit symptoms in young children. 
Two randomized controlled trials of prenatal choline 
supplementation have had contradictory results: the 
first[10] found no significant differences in subsequent 
cognitive functioning and the second[17] (conducted by 
the author of this review) found significant improvement 
in measures of cerebral inhibition among infants in the 
choline-treated group.

4.2 Limitations
More trials are called for, but no trial can address the 
fundamental problem that the outcome of randomized 
intervention with choline compared to placebo will not 
have an observable preventive effect for schizophrenia 
until 20 to 30 years later, beyond the time frame of most 
experimental trials. A retrospective epidemiological 
study that examined the serum of women from 30 years 
ago, some of whom had births that resulted in an adult 
offspring with schizophrenia, would be helpful, but such 
a study has not been conducted. 

Intermediate variables, such as attention deficit 
symptoms, that are observable before four years of age, 
are more promising because they could provide answers 
about the utility of prenatal choline supplementation 
much earlier. Although most children with such 
symptoms do not develop schizophrenia, most adults 
with schizophrenia develop attention deficit symptoms 
in childhood and many of them continue to have 
attention and cognitive difficulties prior to the onset of 
schizophrenia. Thus, the possible alleviation of attention 
deficit symptoms by prenatal choline supplementation 
could be viewed as favorable prognostic sign. Moreover, 
since attention deficit symptoms themselves are 
disabling, their absence in children whose mothers 
received prenatal choline supplementation would 
establish a benefit of choline that would support its use, 
regardless of any further preventative effect for adult 
illness. 

4.3 Implications 
The burden of schizophrenia in any country is 
enormous, in terms of cost of care, lost productivity 
and distress for the affected patient, and the possibility 
of violence towards the family and community. It may 
be several decades before it can be definitively proven 
whether or not prenatal choline supplementation 
affects the number of persons who ultimately develop 
schizophrenia. Before definitive proof, it may not seem 
economical to supplement choline pharmaceutically for 
all pregnant women, as we have done in our study. On 
the other hand, pharmaceutical folate supplementation, 
now routine, has substantially reduced expensive-to-
treat midline birth defects, so there is a potential risk 
of waiting to implement choline supplementation. 

The relatively short 6-month interval for choline 
supplementation and the lack of any significant side 
effects for this common nutrient suggest that intensive 
dietary intervention might be justifiable, even for the 
current generation of pregnant women, to prevent 
illnesses that have massive costs when they appear 
later. In communities where choline supplementation 
isn’t feasible, dietary recommendations to increase 
consumption of meat, liver, and eggs during the last 
6 months of pregnancy would appear prudent. If 
meat and eggs are unavailable or not regularly eaten, 
encouraging the use of soy flour and the consumption 
of fish, which also contain significant amounts of choline 
(Table 2), may be sufficient to supplement choline for 
most pregnant women. [16]
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Table 2. Recommended choline intake during 
pregnancy and possible sources of choline

Recommended daily intakea

Age of woman Adequate 
Intake

Upper Limit

Pregnant <18 years 450 mg 3000 mg

Pregnant >18 years 450 mg 3500 mg

Choline content of foodsb

Food Serving size Choline mg/serving

Beef liver 1 slice 420

Egg 1 egg 120

Beef 100 gm 90

Chicken liver 1 liver 85

Fish 100 gm 85

Bacon or pork 2 strips bacon 70

Chicken 100 gm 67 

Tofu 120 ml (0.5 cup) 36

Cereal 120 ml (0.5 cup) 22 

Cauliflower 1 floret 5

White rice 120 ml (0.5 cup) 1.5

Recommended phosphatidyl-choline supplementsc

Supplement Daily amount Choline content

900 mg capsule seven capsules 900 mg
a  recommendations of the Institute of Medicine of the National 

Academies of the United States[20]

b  from the United States Department of Agriculture[61]

c recommendation for phosphatidylcholine supplementation from the 
most recent clinical study[54]

Registration
The randomized clinical trial of choline supplementation 
discussed in this review[17] was registered as Clinicaltrials.
gov identifier: NCT00332124.
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背景：医学的最终目的是在人群中对疾病进行一级预
防，这对精神分裂症而言似乎是难以实现的。精神分
裂症的病因早在胎儿大脑发育时期就开始出现，远远
早于病症的出现。基因因素是精神分裂症的主要病因
之一，作用于烟碱型胆碱能受体上的胆碱能神经递质
的传递是与此遗传风险相关的病理生理机制之一。在
胎儿大脑发育过程中，胆碱可以激活上述烟碱型受体。
因而通过孕期膳食补充胆碱可能是在更早期预防精神
分裂症发生发展的一种干预手段。
目的：对有关孕期和胎儿大脑发育过程中补充胆碱或
胆碱水平与疾病关系的文献进行综述。
方法：在 Medline 上检索评估胆碱对人类胎儿发育影
响的研究，还检索了有关精神分裂症的其他产前危险
因素的研究以及胆碱能神经传递对精神分裂症病理生
理作用的研究。
结果：孕期饮食中胆碱含量要高，因为膜的生物合成、
一碳单位代谢和胆碱能神经传递等都需要胆碱。高浓
度胆碱能够直接作为烟碱型受体激动剂，这对正常的
大脑环路发育是至关重要的。在孕中、晚期的膳食中

补充磷脂酰胆碱可以增强上述胆碱的功能，更有利于
胎儿的发育。有研究观察到膳食补充磷脂酰胆碱能改
善抑制性神经元功能，而该功能不足与精神分裂症和
注意缺陷障碍相关。
结论：产前膳食补充磷脂酰胆碱，提倡食用富含胆碱
的食物（肉类、大豆、鸡蛋），可能会促进胎儿大脑发育，
从而降低今后发生精神疾病的风险。这种短期（6 个月）
干预风险低，特别适用于普通人群。这类似于以往研
究发现叶酸能预防腭裂，因而建议产前补充相应的药
物并改善饮食。然而，数十年内还无法获得产前补充
胆碱有效性的确切证据（因为精神分裂症的发生要滞
后约 20 年），所以公共卫生领域的官员只能根据现有
的有限信息来决定是否提倡补充胆碱。

关键词：精神分裂症；胎儿发育；妊娠；预防；胆碱；
受体；烟碱型

本文全文中文版从 2015 年 06 月 06 日起在
http://dx.doi.org/10.11919/j.issn.1002-0829.215006 可供免费阅览下载

产前胆碱水平与精神分裂症的发生
Freedman R, Ross RG 

References
1.	 Brown AS, Derkits EJ. Prenatal infection and schizophrenia: 

a review of epidemiologic and translational studies. 
Am J Psychiatry. 2010; 167: 261-280. doi: http://dx.doi.
org/10.1176/appi.ajp.2009.09030361

2.	 Susser E, Neugebauer R, Hoek HW, Brown AS, Lin S, Labovitz 
D, et al. Schizophrenia after prenatal famine: further 
evidence. Arch Gen Psychiatry. 1996; 53: 25-31. doi: http://
dx.doi.org/10.1001/archpsyc.1996.01830010027005

3.	 Gottesman II, Shield J. A polygenic theory of schizophrenia. 
Proc Natl Acad Sci USA. 1967; 58: 199-213. doi: http://dx.doi.
org/10.1073/pnas.58.1.199

4.	 Birnbaum R, Jaffe AE, Thomas MH, Kleinman JE, Weinberger 
DR. Prenatal expression patterns of genes associated with 
neuropsychiatric disorders. Am J Psychiatry. 2014; 171: 758-
767. doi: http://dx.doi.org/10.1176/appi.ajp.2014.13111452

5.	 Walker EF, Savoie T, Davis D. Neuromotor precursors of 
schizophrenia. Schizophr Bull. 1994; 20: 441-451. doi: http://
dx.doi.org/10.1093/schbul/20.3.441

6.	 Heins M, Simons C, Lataster T, Pfeifer S, Versmissen D, 
Lardinois M, et al. Childhood trauma and psychosis: a case-
control and case-sibling comparison across different levels 
of genetic liability, psychopathology, and type of trauma. 
Am J Psychiatry. 2011; 168: 1286-1294. doi: http://dx.doi.
org/10.1176/appi.ajp.2011.10101531

7.	 Veling W, Susser E, van Os J, Mackenbach JP, Selten JP, 
Hoek HW. Ethnic density of neighborhoods and incidence 
of psychotic disorders among immigrants. Am J Psychiatry. 
2008; 165(1): 66-73. doi: http://dx.doi.org/10.1176/appi.
ajp.2007.07030423

8.	 Wilcox AJ, Lie RT, Solvoll K, Taylor J, McConnaughey DR, 
Abyholm F, et al. Folic acid supplements and risk of facial 
clefts: national population based case-control study. 
BMJ. 2007; 334: 464. doi: http://dx.doi.org/10.1136/
bmj.39079.618287.0B

9.	 MRC Vitamin Study Research Group. Prevention of neural 
tubed defects: Results of the medical research council 
vitamin study. Lancet. 1991; 338: 131-137

Shanghai Archives of Psychiatry, 2015, Vol. 27, No. 2• 99 •

http://dx.doi.org/10.11919/j.issn.1002-0829.215006
http://dx.doi.org/10.1176/appi.ajp.2009.09030361
http://dx.doi.org/10.1176/appi.ajp.2009.09030361
http://dx.doi.org/10.1001/archpsyc.1996.01830010027005
http://dx.doi.org/10.1001/archpsyc.1996.01830010027005
http://dx.doi.org/10.1073/pnas.58.1.199
http://dx.doi.org/10.1073/pnas.58.1.199
http://dx.doi.org/10.1176/appi.ajp.2014.13111452
http://dx.doi.org/10.1093/schbul/20.3.441
http://dx.doi.org/10.1093/schbul/20.3.441
http://dx.doi.org/10.1176/appi.ajp.2011.10101531
http://dx.doi.org/10.1176/appi.ajp.2011.10101531
http://dx.doi.org/10.1176/appi.ajp.2007.07030423
http://dx.doi.org/10.1176/appi.ajp.2007.07030423
http://dx.doi.org/10.1136/bmj.39079.618287.0B
http://dx.doi.org/10.1136/bmj.39079.618287.0B


10.	 Cheatham CL, Goldman BD, Fischer LM, da Costa KA, 
Reznick JS, Zeisel SH. Phosphatidylcholine supplementation 
in pregnant women consuming moderate-choline diets 
does not enhance infant cognitive function: a randomized, 
double-blind, placebo-controlled trial. Am J Clinical Nutrition. 
2012; 96(6): 1465-1472. doi: http://dx.doi.org/10.3945/
ajcn.112.037184

11.	 Villamor E, Rifas-Shiman SL, Gillman MW, Oken E. Maternal 
intake of methyl-donor nutrients and child cognition 
at 3 years of age. Paediatr Perinat Epidemiol. 2012; 
26(4): 328-335. doi: http://dx.doi.org/10.1111/j.1365-
3016.2012.01264.x

12.	 Wu BTF, Dyer RA, King DJ, Richardson KJ, Innis SM. Early 
second trimester maternal plasma choline and betaine are 
related to measures of early cognitive development in term 
infants. PloS One. 2012; 7(8): e43448. doi: http://dx.doi.
org/10.1371/journal.pone.0043448

13.	 Jiang X, Yan J, West AA, Perry CA, MalyshevaOV, Devapatla 
S, et al. Maternal choline intake alters the epigenetic state 
of fetal cortisol-regulating genes in humans. FASEB J. 2012; 
26(8): 356-374. doi: http://dx.doi.org/10.1096/fj.12-207894

14.	 Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Devapatla 
S, et al. Maternal choline intake modulates maternal and 
fetal biomarkers of choline metabolism in humans. Am J 
Clin Nutrition. 2012; 95(5): 1060-1071. doi: http://dx.doi.
org/10.3945/ajcn.111.022772 

15.	 Wu BT, Dyer RA, King DJ, Innis SM. Low fish intake is 
associated with low blood concentrations of vitamin 
D, choline and n-3 DHA in pregnant women. Br J Nutr. 
2013; 109(5): 936-943. doi: http://dx.doi.org/10.1017/
S0007114512002103

16.	 Boeke CE, Gillman MW, Hughes MD, Rifas-Shiman SL, 
Villamor E, Oken E. Choline intake during pregnancy and 
child cognition at age 7 years. Am J Epidemiology. 2013; 
177(12): 1338-1347. doi: http://dx.doi.org/10.1093/aje/
kws395

17.	 Ross RG, Hunter SK, McCarthy L, Beuler J, Hutchison AK, 
Wagner BD, et al. Perinatal choline effects on neonatal 
pathophysiology related to later schizophrenia risk. Am 
J Psychiatry. 2013; 170(3): 290-298. doi: http://dx.doi.
org/10.1176/appi.ajp.2012.12070940

18.	 Zeisel SH. Choline: critical role during fetal development 
and dietary requirements in adults. Annu Rev Nutr. 2006; 
26: 229-250. doi: http://dx.doi.org/10.1146/annurev.
nutr.26.061505.111156

19.	 Ross RG, Stevens KE, Proctor WR, Leonard S, Kisley MA, 
Hunter SK, et al. Research review: Cholinergic mechanisms, 
early brain development, and risk for schizophrenia. J Child 
Psychology and Psychiatry. 2010; 51: 535-549. doi: http://
dx.doi.org/10.1111/j.1469-7610.2009.02187.x

20.	 Institute of Medicine of the National Academies of 
Science of the United States. Dietary Reference Intakes for 
Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, Vitamin 
B12, Pantothenic Acid, Biotin, and Choline. Washington, 
DC:  National Academies Press; 2010

21.	 Eccles JC.The inhibitory pathways of the central nervous 
system. Liverpool, Liverpool Univ. Press 1969

22.	 Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, 
Olincy A, Davis A. Linkage of a neurophysiological deficit in 
schizophrenia to a chromosome 15 locus. Proc Natl AcadSci 
U S A. 1997; 94: 587-592

23.	 Clementz BA, Geyer MA, Braff DL. Poor P50 suppression 
among schizophrenia patients and their first-degree 
biological relatives. Am J Psychiatry. 1998; 155: 1691-1694

24.	 Hall MH, Taylor G, Salisbury DF, Levy DL. Sensory gating 
event-related potentials and oscillations in schizophrenia 
patients and their unaffected relatives. Schizophr Bull. 2011; 
37(6): 1187-1199. doi: http://dx.doi.org/10.1093/schbul/
sbq027

25.	 Liu CM, Hwu HG, Lin MW, Ou-Yang WC, Lee S FC. Suggestive 
evidence for linkage of schizophrenia to markers at 
chromosome 15q13–14 in Taiwanese families. Am J Med 
Genetics. 2001; 108: 658-661

26.	 Stephens SH, Logel J, Barton A, Franks A, Schultz J, Short M. 
Association ofthe 5'-upstream regulatory region of the α7 
nicotinic acetylcholine receptor subunit gene (CHRNA7) with 
schizophrenia. Schizophr Res. 2009; 109: 102-112

27.	 Dempster EL, Toulopoulou T, McDonald C,  Bramon E, Walshe 
M,  Wickham H, et al. Episodic memory performance 
predicted by the 2bp deletion in exon 6 of the "alpha 7-like" 
nicotinic receptor subunit gene. Am J Psychiatry. 2006; 
163(10): 1832-1834 

28.	 Stefansson H, Rujescu D, Cichon S,  Pietiläinen OP, Ingason 
A,  Steinberg S, et al. Large recurrent microdeletions 
associated with schizophrenia. Nature. 2008; 455: 232-236. 
doi: http://dx.doi.org/10.1038/nature07229

29.	 Freedman R, Hall M, Adler LE, Leonard S. Evidence 
in postmortem brain tissue for decreased numbers 
of hippocampal nicotinic receptors in schizophrenia. 
Biol Psychiatry. 1995; 38: 22-33. doi: http://dx.doi.
org/10.1016/0006-3223(94)00252-X

30.	 Court J, Spurden D, Lloyd S, McKeith I, Ballard C, Cairns N, 
et al. Neuronal nicotinic receptors in dementia with Lewy 
bodies and schizophrenia: α-bungarotoxin and nicotine 
binding in the thalamus. J Neurochem. 1999; 73: 1590-1597. 
doi: http://dx.doi.org/10.1046/j.1471-4159.1999.0731590.x

31.	 Olincy A, Young DA, Freedman R. Increased levels of nicotine 
metabolite cotinine in schizophrenic smokers compared 
to other smokers. Biol Psychiat. 1997; 42: 1-5. doi: http://
dx.doi.org/10.1016/S0006-3223(96)00302-2

32.	 Court JA, Lloyd S, Johnson M, Griffiths M, Birdsall NJ, Piggott 
MA, et al. Nicotinic and muscarinic cholinergic receptor 
binding in the human hippocampal formation during 
development and aging. Brain Res Dev Brain Res. 1997; 101: 
93-105

33.	 Rathouz MM, Vijayaraghavan S, Berg DK. Elevation of 
intracellular calcium levels by nicotinic acetylcholine 
receptors. Mol Neurobiol. 1996; 12: 117-131 

34.	 Liu Z, Neff RA, Berg DK. Sequential interplay of nicotinic and 
GABAergic signaling guides neuronal development. Science. 
2006; 314: 1610-1613. doi: http://dx.doi.org/10.1126/
science.1134246

35.	 Hyde TM, Lipska BK, Ali T, Mathew SV, Law AJ, Metitiri OE, 
et al. Expression of GABA signaling molecules KCC2, NKCC1, 
and GAD1 in cortical development and schizophrenia. J 
Neuroscience. 2011; 31: 11088-11095. doi: http://dx.doi.
org/10.1523/JNEUROSCI.1234-11.2011

36.	 Curley AA, Arion D, Volk DW, Asafu-AdjeiJK, Sampson AR, 
FishKN, et al. Cortical deficits of glutamic acid decarboxylase 
67expression in schizophrenia: clinical, protein, and cell type 
specific features. Am J Psychiatry. 2011; 168: 921-929. doi: 
http://dx.doi.org/10.1176/appi.ajp.2011.11010052

• 100 •Shanghai Archives of Psychiatry, 2015, Vol. 27, No. 2 

http://dx.doi.org/10.3945/ajcn.112.037184
http://dx.doi.org/10.3945/ajcn.112.037184
http://dx.doi.org/10.1111/j.1365-3016.2012.01264.x

http://dx.doi.org/10.1111/j.1365-3016.2012.01264.x

http://dx.doi.org/10.1371/journal.pone.0043448
http://dx.doi.org/10.1371/journal.pone.0043448
http://dx.doi.org/10.1096/fj.12-207894
http://dx.doi.org/10.3945/ajcn.111.022772
http://dx.doi.org/10.3945/ajcn.111.022772
http://dx.doi.org/10.1017/S0007114512002103
http://dx.doi.org/10.1017/S0007114512002103
http://dx.doi.org/10.1093/aje/kws395
http://dx.doi.org/10.1093/aje/kws395
http://dx.doi.org/10.1176/appi.ajp.2012.12070940
http://dx.doi.org/10.1176/appi.ajp.2012.12070940
http://dx.doi.org/10.1146/annurev.nutr.26.061505.111156
http://dx.doi.org/10.1146/annurev.nutr.26.061505.111156
http://dx.doi.org/10.1111/j.1469-7610.2009.02187.x

http://dx.doi.org/10.1111/j.1469-7610.2009.02187.x

http://dx.doi.org/10.1093/schbul/sbq027
http://dx.doi.org/10.1093/schbul/sbq027
http://dx.doi.org/10.1038/nature07229
http://dx.doi.org/10.1016/0006-3223(94)00252-X

http://dx.doi.org/10.1016/0006-3223(94)00252-X

http://dx.doi.org/10.1046/j.1471-4159.1999.0731590.x
http://dx.doi.org/10.1016/S0006-3223(96)00302-2

http://dx.doi.org/10.1016/S0006-3223(96)00302-2

http://dx.doi.org/10.1126/science.1134246
http://dx.doi.org/10.1126/science.1134246
http://dx.doi.org/10.1523/JNEUROSCI.1234-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.1234-11.2011
http://dx.doi.org/10.1176/appi.ajp.2011.11010052


37.	 Descarries L, Aznavour N,Hamel E. The acetylcholine
innervation of cerebral cortex: new data on its normal
development and its fate in the hAPP (SW,IND) mouse model 
of Alzheimer’s disease. J Neural Transm. 2005; 112: 149-162. 
doi: http://dx.doi.org/10.1007/s00702-004-0186-z

38.	 Alkondon M, Pereira EFR, Cortes WS, Maelicke A,
Albuquerque EX. Choline is a selective agonist at alpha7
nicotinic acetylcholine receptors in rat brain neurons. Eur J
Neurosci. 1997; 9: 2734-2742

39.	 Frazier CJ, Rollins YD, Breese CR, Leonard S, Freedman
R, Dunwiddie TV. Acetylcholine activates an alpha-
bungarotoxin-sensitive nicotinic current in rat hippocampal 
interneurons, but not pyramidal cells. J Neuroscience. 1998; 
18: 1187-1195

40.	 Liu Y, Zhang H, Ju G, Zhang X, Xu Q, Liu S, et al. A study of 
the PEMT gene in schizophrenia. Neurosci Lett. 2007; 424: 
203–206

41.	 St Clair D, Xu M, Wang P, Yu Y, Fang Y, Zhang F, et al. Rates 
of adult schizophrenia following prenatal exposure to the
Chinese famine of 1959-1961. JAMA. 2005; 294: 557-562

42.	 Huang C, Phillips MR, Zhang Y, Zhang J, Shi Q, Son g Z, et al. 
Malnutrition in early life and adult mental health: evidence 
from a natural experiment.  Soc Sci Med. 2013; 97: 249-
266. Epub 2012 Dec 20. doi: http://dx.doi.org/10.1016/
j.socscimed.2012.09.051 

43.	 Signore C, Ueland PM, Troendle J, Mills JL. Choline
concentrations in human maternal and cord blood and
intelligence at 5y of age. Am J Clin Nutr. 2008; 87(4): 896-902

44.	 Schulz KM, Pearson JN, Gasparrini ME, Brooks KF,
Drake-Frazier C, Zajkowski ME, et al. Dietary choline
supplementation to dams during pregnancy and lactation
mitigates the effects of in utero stress exposure on adult
anxiety-related behaviors. Behav Brain Res. 2014; 268: 104-
110. doi: http://dx.doi.org/10.1016/j.bbr.2014.03.031 

45.	 Papke RL, McCormack TJ, Jack BA, Wang D, Bugaj-Gaweda 
B, Schiff HC, et al. Rhesus monkey a7 nicotinicacetylcholine 
receptors: comparisons to human a7receptors expressed in 
Xenopus oocytes. Eur J Pharmacol. 2005; 524: 11-18

46.	 Hunter SK, Kisley MA, McCarthy L, Freedman R, Ross RG.
Diminished cerebral inhibition in neonates associated with 
risk factors for schizophrenia: parental psychosis, maternal 
depression, and nicotine use. Schizophr Bull. 2011; 37: 1200-
1208. doi: http://dx.doi.org/10.1093/schbul/sbq036

47.	 Zammit S, Thomas K, Thompson A, Horwood J, Menezes P, 
Gunnell D, et al. Maternal tobacco, cannabis and alcohol use 
during pregnancy and risk of adolescent psychotic symptoms 
in offspring. Br J Psychiatry. 2009; 195(4): 294-300. doi:
http://dx.doi.org/10.1192/bjp.bp.108.062471

48.	 Mäki P, Riekki T, Miettunen J, Isohanni M, Jones PB, Murray 
GK, et al. Schizophrenia in the offspring of antenatally
depressed mothers in the northern Finland 1966 birth
cohort: relationship to family history of psychosis. Am J
Psychiatry. 2010; 167: 70-77. doi: http://dx.doi.org/10.1176/
appi.ajp.2009.09010133

49.	 Clarke MC, Kelleher I, Clancy M, Cannon M. Predicting risk 
and the emergence of schizophrenia. Psychiatr Clin North
Am. 2012; 35: 585-612. doi: http://dx.doi.org/10.1016/
j.psc.2012.06.003

50.	 Hutchison AK, Hunter SK, Wagner BD, Calvin EA, Zerbe
GO, RossRG. Diminished infant P50 sensory gating predicts 
increased 40-month-old attention, anxiety/depression, and 
externalizing symptoms. J Atten Disord. 2013; doi: http://
dx.doi.org/10.1177/1087054713488824

51.	 Mathew SV, Law AJ, Lipska BK, Dívila-Garcia MI, Zamora ED, 
Mitkus SN, et al. Alpha7 nicotinic acetylcholine receptor
mRNA expression and binding in postmortem human brain 
are associated with genetic variation in neuregulin 1. Human 
Molecular Genetics. 2007; 16(23): 2921-2932. doi: http://
dx.doi.org/10.1093/hmg/ddm253

52.	 Stevens KE, Adams C, Yonchek J, Hickel C, Danielson J,
Kisley M. Permanent improvement in deficient sensory
inhibition in DBA/2 mice with increased perinatal choline. 
Psychopharmacology(Berl). 2008; 198: 413-420. doi: http://
dx.doi.org/10.1007/s00213-008-1170-3

53.	 Stevens KE, Choo KS, Stitzel JA, Marks MJ, Adams CE. Long-
term improvements in sensory inhibition with gestational
choline supplementation linked to alpha7 nicotinic receptors 
through studies in Chrna7 null mutation mice. Brain 
Res. 2014; 1552: 26-33. doi: http://dx.doi.org/10.1016/
j.brainres.2014.01.022 

54.	 McGrath JJ, Eyles DW, Pedersen CB, Anderson C, Ko P, Burne 
TH, et al. Neonatalvitamin D status and risk of schizophrenia: 
a population-based case-control study. Arch Gen Psychiatry.
2010; 67: 889-894. doi: http://dx.doi.org/10.1001/
archgenpsychiatry.2010.110

55.	 Amminger GP, Schafer MR, Papageorgiou K, Klier CM,
Cotton SM, Harrigan SM, et al. Long-chain omega-3 fatty
acids for indicated prevention of psychotic disorders: a
randomized, placebo-controlled trial. Arch Gen Psychiatry.
2010; 67(2): 146-154. doi: http://dx.doi.org/10.1001/
archgenpsychiatry.2009.192 

56.	 Prabhu N, Smith N, Doyle C, Scaton A, Helms PJ, Devereux G, 
et al. First trimester maternal tobacco smoking habits and 
fetal growth. Thorax. 2010; 65: 235-240. doi: http://dx.doi.
org/10.1136/thx.2009.123232

57.	 Ross BM, Moszczynska A, Blusztajn JK, Sherwin A, Lozano A, 
Kish SJ. Phospholipid biosynthetic enzymes in human brain. 
Lipids. 1997; 32: 351-358

58.	 Haubrich DR, Gerber NH. Choline dehydrogenase: assay,
properties, and inhibitors. Biochem Pharmacol. 1981; 30: 
2993-3000

59.	 Gossell-Williams M, Fletcher H, McFarlane-Anderson N,
Jacob A, Zeisel S. Dietary intake of choline and plasma
choline concentrations in pregnant women in Jamaica. West 
Indian Med J. 2005; 54(6): 355-359

60.	 Yan J, Jiang X, West AA, Perry CA, Malysheva OV, Brenna
JT, et al. Pregnancy alters choline dynamics: results of
a randomized trial using stable isotope methodology in
pregnant and nonpregnant women. Am J Clin Nutrition. 
2013; 98(6): 1459-1467. doi: http://dx.doi.org/10.3945/
ajcn.113.066092

61.	 Patterson KY, Bhagwat SA, Juhi R, Williams JR, Howe JC,
Holden JM. USDA database for the choline content of
common foods release two. U.S. Department of Agriculture. 
2008

(received, 2015-01-05; accepted, 2015-03-29)

Shanghai Archives of Psychiatry, 2015, Vol. 27, No. 2• 101 •

http://dx.doi.org/10.1007/s00702-004-0186-z

http://dx.doi.org/10.1016/j.socscimed.2012.09.051
http://dx.doi.org/10.1016/j.socscimed.2012.09.051
http://dx.doi.org/10.1016/j.bbr.2014.03.031
http://dx.doi.org/10.1093/schbul/sbq036
http://dx.doi.org/10.1192/bjp.bp.108.062471
http://dx.doi.org/10.1176/appi.ajp.2009.09010133
http://dx.doi.org/10.1176/appi.ajp.2009.09010133
http://dx.doi.org/10.1016/j.psc.2012.06.003
http://dx.doi.org/10.1016/j.psc.2012.06.003
http://dx.doi.org/10.1177/1087054713488824
http://dx.doi.org/10.1177/1087054713488824
http://dx.doi.org/10.1093/hmg/ddm253
http://dx.doi.org/10.1093/hmg/ddm253
http://dx.doi.org/10.1007/s00213-008-1170-3

http://dx.doi.org/10.1007/s00213-008-1170-3

http://dx.doi.org/10.1016/j.brainres.2014.01.022
http://dx.doi.org/10.1016/j.brainres.2014.01.022
http://dx.doi.org/10.1001/archgenpsychiatry.2010.110
http://dx.doi.org/10.1001/archgenpsychiatry.2010.110
http://dx.doi.org/10.1001/archgenpsychiatry.2009.192
http://dx.doi.org/10.1001/archgenpsychiatry.2009.192
http://dx.doi.org/10.1136/thx.2009.123232
http://dx.doi.org/10.1136/thx.2009.123232
http://dx.doi.org/10.3945/ajcn.113.066092
http://dx.doi.org/10.3945/ajcn.113.066092


Robert Freedman, M.D., is a graduate of Harvard Medical School and trained at the National Institutes 
of Health and the University of Chicago. For the past 35 years he has been a faculty member at the 
University of Colorado Health Sciences Center, where he is Professor of Psychiatry and Pharmacology, 
Director of the Schizophrenia Research Center, and Chair of the Department of Psychiatry. Dr. Freedman 
has published over 300 scientific articles. He has received the A.E. Bennett Prize of the Society of 
Biological Psychiatry, the Edward Sachar Award of Columbia University, the William K. Warren Award 
of the International Congress of Schizophrenia Research, the Stanley Dean Award of the American 
College of Psychiatrists, the Merit Award of the National Institute of Mental Health, the American 
Psychiatric Association Research Award and its Distinguished Service Award, and the Distinguished 
Investigator Award of the National Association for Research in Schizophrenia and Affective Disorders. 
He is a member of the Institute of Medicine of the National Academies of Science and has served as 
Editor of the 'American Journal of Psychiatry' since 2006. He co-founded the Institute for Children’s 
Mental Disorders in 1999. Institute investigators under his direction have discovered genetic variants 
that affect the risks for serious mental disorders, including schizophrenia and bipolar disorder. Their 
investigations have led to new experimental treatments, currently in FDA-approved tests, for pregnant 
women and their newborn children to prevent abnormalities in early brain development that may lead 
to mental illness later in life.

• 102 •Shanghai Archives of Psychiatry, 2015, Vol. 27, No. 2 

ziruofeier@hotmail.com

