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Clinical Spotlight

Craniofacial dysmorphism, what is your diagnosis?

Chung-Hsing Wang a,b,*, Wei-De Lin a,c, Fuu-Jen Tsai a,b,c
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A 12-year-old girl, presented to the Outpatient Department

with congenital non- progressive cranial-facial-digital abnor-

malities and normal developmental milestones, had a past

medical history of congenital heart disease (atrial septal

defect, tricuspid valve regurgitation) under long-term follow-

up. Clinically, specific phenotype was characterized by widely

separated eyes (hypertelorism), broad nasal root, bifid nasal

tip, clinodactyly over left 5th finger and slim fingers Fig. 1

(Panel A,B and C). Computed tomography of her head

revealed no skull asymmetry or brachycephaly (Panel D). Her

mother showed similar characteristics but with facial asym-

metry (Panel E) due to isolated right coronal suture craniosy-

nostosis that had received surgical correction. Although

craniofrontonasal dysplasia was our first impression of diag-

nosis according to the index case’s clinical manifestations,

mode of inheritance (most likely autosomal dominant or

X-linked dominant disorder) and a hint of isolated craniosy-

nostosis from her mother, several disorders having similar

symptoms to those of craniofrontonasal dysplasia, including

Aarskog syndrome (widely spaced eyes and broad nose; but

lack of low-set ear, short, broad hands with stubby hands,

genital malformations and mental retardation), Frontonasal

dysplasia (for her hypertelorism, broad nose, vertical grove

down the tip of the nose; fall short of nose split into two,

brachycephaly, cleft lip and/or palate, microphthalmia and

mental retardation; sporadic occurrence), Frontofacionasal

dysplasia (wide space between the eyes, no cleft lip and/or

palate, telecanthus, brachycephaly, mid-face hypoplasia;

autosomal recessive inheritance), Greig cephalopolysyndactyly

syndrome (widely separated eyes; but no prominent forehead,

polydactyly and/or syndactyly) and a variety of craniosynos-

tosis (not seen in this index patient, but her mother had

prematurely closed right coronal skull suture) syndromes,

should be on the list of differential diagnoses. Cranio-

frontonasal dysplasia has an X-linked dominant inheritance

mode. Direct sequencing of all exons and exon-intron

boundaries of the EFNB1 gene subsequently revealed C-to-G

transversion at nucleotide 354 in exon 2 [EFNB1 (Xq12), exon2:

c.354C>G, p.S118R] (Panel F). This disease-causing novel

mutation was inherited from her mother with intrafamilial

phenotypic variability. Craniofrontonasal dysplasia is inheri-

ted as an X-linked dominant pattern. A female inherits one X

chromosome from each parent, while a male gets an X chro-

mosome from the mother and a Y from the father. The male
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thus displays X-linked trait from the mother, while a female

may have X-linked traits from either parent. Because of

dominantly inherited pattern, only one copy of defective gene

EFNB1 is necessary for the disease to appear. No definite

therapy for craniofrontonasal dysplasia is available so far,

except for plastic surgery.

Fig. 1 e Panel A,B,C - peculiar phenotypes of the index patient; Panel D - neuroimage of index case; Panel E - index patient’s

mother on right side of the picture; Panel F - mutated nucleotide of EFNB1 gene depicted.

(Note: Informed consent to publish patient photographs was obtained.)
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Review article

Acupuncture as treatment for nervous system diseases

Ching-Liang Hsieh a,b,c,*
aGraduate Institute of Acupuncture Science, College of Chinese Medicine, China Medical University, Taichung, Taiwan
bAcupuncture Research Center, China Medical University, Taichung, Taiwan
cDepartment of Chinese Medicine, China Medical University Hospital, Taichung, Taiwan

a r t i c l e i n f o

Article history:

Received 11 April 2012

Received in revised form

26 April 2012

Accepted 26 April 2012

Available online 7 June 2012

Keywords:

acupuncture therapy

electroacupuncture

nervous system diseases

a b s t r a c t

Acupuncture and moxibustion have been used for at least 2000 years to treat a wide range

of diseases. In recognition of the increasing worldwide interest in the subject, the World

Health Organization conducted a symposium on acupuncture in 1979 and put forth a list of

40 suitable diseases that can be treated with this approach. In Taiwan, acupuncture is

widely used as a tool to treat diseases and disorders of the nervous system such as stroke,

dementia, Parkinson’s disease, and carpal tunnel syndrome. Although numerous studies

on the effectiveness of acupuncture have been conducted, the efficacy of acupuncture as

treatment for nervous system diseases or disorders has been questioned mainly because

only a limited number of controlled clinical trials have been published. The aim of this

review is to determine whether there is enough evidence in previously published trials to

support the beneficial effects of acupuncture on diseases of the nervous system.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Acupuncture and moxibustion have been used to treat

diseases in China for over 2000 years. The meridian theory of

acupuncture was first recorded in detail in The Yellow

Emperor’s Classic of Internal Medicine [1,2], although The Great

Compendium of Acupuncture and Moxibustion, published in the

Ming Dynasty, forms the basis of modern acupuncture theory

and practice [2]. In recognition of the increasing worldwide

interest in the subject, the World Health Organization con-

ducted a symposium on acupuncture in 1979 and put forth

a list of 40 suitable diseases that can be treated with this

approach [3]. In Taiwan, acupuncture is commonly used to

treat diseases and disorders of the nervous system, namely

stroke, dementia, Parkinson’s disease, epilepsy, Bell’s palsy,

carpal tunnel syndrome, and headache. Although numerous

studies on the effectiveness of acupuncture have been con-

ducted, the efficacy of acupuncture as treatment for nervous

system diseases or disorders has been questioned mainly

because only a limited number of controlled clinical trials

have been published. The aim of this review is to determine

whether there is enough evidence in previously published

trials to support the beneficial effects of acupuncture on

diseases of the nervous system.

2. Acupuncture in stroke

Stroke is one of the most common diseases in Taiwan, and

was the third leading cause of death in that country in 2011 [4].

* Graduate Institute of Acupuncture Science, College of Chinese Medicine, China Medical University, 91 Hsueh-Shih Road, Taichung
40402, Taiwan.

E-mail address: clhsieh@mail.cmuh.org.tw.
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Hu et al. conducted a randomized, controlled study to eval-

uate the effect of acupuncture on acute stroke symptoms. A

total of 30 patients with onset of symptoms within 36 hours

were randomly assigned to receive acupuncture in combina-

tion with conventional supportive treatment or to receive

supportive treatment only. Acupuncture was applied three

times per week for 4 weeks and patients were then followed-

up for 3 months. They found that neurologic outcome was

significantly better in the acupuncture group on day 28 and on

day 90, and that improvement in neurologic status was

greatest in patients with a poor baseline neurologic score [5].

In a randomized controlled study on the effects of electro-

acupuncture (EA) in patients with first-ever ischemic stroke,

Hsieh et al. reported that patients who received eight courses

of EA with stimulation pulses alternating between 3 Hz and

15 Hz over a 1-month period showed significantly better

improvement in motor function than patients who received

conventional rehabilitation treatment only [6]. Johansson

et al. studied whether sensory stimulation can improve

functional outcome in stroke patients. A total of 78 patients

with severe hemiplegia were randomized within 10 days after

stroke onset to receive either daily physiotherapy alone (40

patients) or in combination with EA (2e5 Hz) for 30 minutes

twice a week for 10 weeks (38 patients). They found that

patients who received EA recovered faster than controls and

showed greater improvement in balance, activities of daily

living (ADL), and quality of life [7]. In a multicenter controlled

trial by the same group, 150 patients with moderate to severe

hemiparesis were randomized 5e10 days after stroke onset

to receive EA, transcutaneous electrical nerve stimulation

(TENS), or subliminal electrostimulation (control group). A

total of 20 treatment sessions were performed over

a 10-week period and outcome variables were assessed at the

3-month and 1-year follow-ups. Interestingly, there were no

significant differences among the three groups in improve-

ment in motor function, walking ability or ADL [8], indicating

that acupuncture did not produce a beneficial effect on

functional outcome in stroke patients. Similar results were

reported by Gosman-Hedström et al. in their randomized

study on the effects of acupuncture treatment on daily life

activities and quality of life in 104 patients with acute stroke

[9], and by Sze et al. who found that there was no significant

difference in outcome between stroke patients with

moderate or severe functional impairment who received

acupuncture at 10 acupoints for 10 weeks and stroke patients

who received standard post-stroke motor rehabilitation

training [10]. Lack of a beneficial effect of acupuncture as

treatment for stroke patients has been reported in other

studies as well [11,12].

A number of studies, however, have shown that

acupuncture is an efficacious post-stroke therapy. For

example, Naeser et al. reported that patients with right-sided

hemiplegia due to left hemispheric ischemic infarction who

received 20 acupuncture sessions over a period of 1 month

beginning 1e3 months after stroke onset showed a signifi-

cantly better response than patients who received sham

acupuncture [13]. In addition, Kjendahl et al. found that

acupuncture applied for 30 minutes three or four times per

week for 6 weeks resulted in a positive long-term effect on

motor function, daily life quality, and social interaction in

patients with subacute stage (mean, 40 days) stroke 1 year

after hospital discharge [14].

Recently, Liu et al. conducted a randomized, crossover pilot

study on the effects of EA on motor recovery in chronic stroke

survivors. A total of 10 stroke patients who had suffered

a stroke more than 2 years prior to enrolment were random-

ized to receive either EA (1e2 Hz) plus strength training

treatment twice per week for 6 weeks or a 6-week session of

strength training treatment only. They found that patients

who received 2 Hz EA plus strength training treatment had

a marked reduction in muscle spasticity of the wrist and

a marked increase in active wrist extension range of motion

and Fugl-Meyer upper-limb scores. These effects were not

noted in patients who only received strength training treat-

ment. The findings indicate that EA reduces muscle spasticity

and enhances performance of motor tasks [15]. Results from

a similar study also revealed that EA (twice per week)

combined with muscle training exercises for 6 weeks reduced

the degree of muscle spasticity in chronic stroke patients [16].

In addition, a recent study showed that acupuncture treat-

ment accompanied by manual twisting of needles at the Bai-

hui (GV20) acupoint and at the spirit acupoints for 20 minutes

in patients with first-ever ischemic stroke resulted in signifi-

cantly greater reduction in displacement area than acupunc-

ture without twisting of needles, indicating that acupuncture

with twisting of needles can improve balance function [17].

Rorsman and Johansson investigated whether EA or TENS

influences cognitive and emotional outcome after stroke. In

their study, 54 stroke patients with moderate or severe func-

tional impairment were randomized to receive acupuncture

including EA, TENS, or subliminal TENS (control group).

Acupuncture started from 5e10 days after stroke onset, and

was performed for 30 minutes, two times per week for 10

weeks. They found that there were no significant differences

in changes among the three groups in emotional status or

cognitive function at 3 or 12 months after treatment [18]. In

contrast, Chou et al. showed that 1 EA (1 Hz) applied to the PC6

and HT7 acupoints for 20minutes, twice per week for 8 weeks,

had a positive effect on cognition and life quality in stroke

patients with cognitive impairment [19].

The effectiveness of acupuncture on motor function, ADL,

and cognitive function in patients with acute stroke remains

controversial. More rigorous randomized controlled studies

comprising larger patient populations are needed to defini-

tively determinewhether acupuncture is a valuable treatment

for stroke patients.

3. Acupuncture as treatment for
degenerative disorders

3.1. Alzheimer’s disease and vascular dementia

Alzheimer’s disease is a chronic progressive degenerative

disease. Several systematic review articles have revealed that

acupuncture is not effective in patients with Alzheimer’s

disease [20] or vascular dementia [21,22]. However, Zhou and

Jin showed that acupuncture had a beneficial effect in patients

with Alzheimer’s disease. The researchers used functional

magnetic resonance imaging to evaluate brain changes in 26
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patients with Alzheimer’s disease who underwent EA. Elec-

trostimulation was applied to the Shenmen (HT7) acupoint as

an anode and the Zusanli (ST36) acupoint as a cathode as well

as to the Fenlong (ST40) acupoint as an anode and the Taixi

(K13) acupoint as a cathode. They found that electro-

stimulation at these acupoints resulted in increased activity in

the hippocampal gyrus and insula in the right hemisphere, the

temporal lobe, and parietal lobe of the left hemisphere. These

regions are associated with cognitive function such as

memory and language, suggesting that acupuncture at those

acupoints produces a beneficial effect in patients with Alz-

heimer’s disease [23]. In addition, Yang et al. demonstrated

that acupressure could reduce the degree of agitated behavior

in patients with dementia. The researchers applied acupres-

sure to the Fengchi (GB20), Baihui (GV20), Shenmen (HT7),

Neiguan (PC6), and Sanyinjiao (SP6) acupoints for 2 minutes

after a 5-minute warm-up activity, twice daily, 5 days a week

for 4 weeks in 20 patients with dementia who demonstrated

agitated behavior. They found that acupressure dramatically

reduced the degree of agitation in their patients [24]. Addi-

tional randomized, controlled, double-blinded trials

comprising larger patient populations are needed to deter-

mine whether acupuncture induces a beneficial effect in

patients with Alzheimer’s disease or vascular dementia.

3.2. Parkinson’s disease

Parkinson’s disease is a chronic progressive disease charac-

terized by slow movements, tremors, and walking impair-

ment due to loss of midbrain nigrostriatal neurons and

depletion of striatal dopamine. About 63% of patients with

Parkinson’s disease in Korea [25] and 25% of patients with the

disease in Singapore [26] use acupuncture as a complemen-

tary therapy; however, a number of large-scale studies have

shown that acupuncture is not effective at alleviating the

symptoms of Parkinson’s disease [27e30]. The results from

small-scale studies are similar. For example, Eng et al. used

acupuncture in combination with Yin Tui Na massage on

a weekly basis as treatment for patients with Parkinson’s

disease for 6 months and found that scores on the Unified

Parkinson’s Disease Rating Scale (UPDRS) were significantly

higher than baseline scores 6 months after treatment [31]. In

addition, Shulman et al. found that acupuncture applied to

body or scalp acupoints for 1 hour twice per week for 5e8

weeks in patients with Parkinson’s disease resulted in

improvements in sleep and rest but did not improve other

symptoms of the disease [32]. Functional magnetic resonance

imaging studies have shown that acupuncture applied to the

Yanglingquan (GB34) acupoint results in the activation of

portions of the putamen and the primary motor cortex,

resulting in improved motor function [33]. A positron emis-

sion tomography study showed that scalp acupuncture and

Madopa therapy for 5 weeks resulted in an increase in glucose

metabolism in five patients with Parkinson’s disease [34]. In

another study, although EA administered to the scalp in

addition to administration of levodopa for 5 weeks increased

hemispheric regional blood flow, administration of those

treatments did not result in changes in striatal dopamine

transporter density in the basal ganglia [35]. Taken together,

although acupuncture including EA does not seem to improve

motor function or ADL in patients with Parkinson’s disease,

acupuncture does seem to improve blood flow and glucose

metabolism in brain tissue in patients with the disease, sug-

gesting that acupuncture does play a beneficial role in delay-

ing intellectual decline in patients with Parkinson’s disease.

Further large-scale studies are warranted.

4. Acupuncture as treatment for headache

4.1. Migraine

Studies have shown that non-specific psychological interac-

tions play a major role in the improvement of many patients

with headache, which might explain why some studies

comparing the effects of acupuncture with those of placebo

have demonstrated that there are no differences in outcome

between the two treatments [36]. Nevertheless, a number of

studies have shown that acupuncture is an effective treatment

for certain types of headache. For example, studies have

demonstrated that acupuncture is both a clinically efficacious

and a cost-effective treatment for migraine, especially when

appliedto theFenchi (GB20) andTaiyang (EX-HN5)acupoints for

30 minutes twice a week for at least 10 weeks [37e39]. Also,

Allais et al. used the needle contact test to detect the most

efficaciouspointson theear for reducingpainduringamigraine

episode and found that the insertion of semi-permanent nee-

dles into the anterior-internal part of the antitragus ipsilateral

to the side of pain resulted in pain relief within 30minutes and

that it persisted for up to 24 hours [40,41].

The results of a multicenter, single-blinded randomized

controlled trial comprising 480 patients with migraine

revealed that patients who received acupuncture including

electrostimulation had significantly fewer days of migraine

pain than patients who received sham acupuncture during

weeks 13e16 after treatment, indicating that acupuncture

produces a clinically minor prophylactic effect [42]. Other

studies have shown that acupuncture treatment is more

effective than prophylactic drug treatment for migraine

headaches [43e45]. In addition, Yang et al. demonstrated that

acupuncture applied to the Cuanzhu (BL2), Taiyang (EX-HN5),

Yintang (Ex-HN-3), and Fengchi (GB20) acupoints resulted in

fewer episodes of migraine and led to fewer adverse events

than topiramate treatment in patients with chronic migraine

[46]. Studies have also demonstrated that acupuncture ismore

effective than flunarizine treatment at reducing the number of

days of migraine pain [47]. Based on the abovementioned

findings, acupuncture treatment appears to be beneficial for

reducing the degree of pain associated with migraine head-

aches, particularly when applied as prophylactic treatment.

4.2. Tension-type headache

A Cochrane review of 11 clinical trials comprising 2317

patients with tension-type headache provided evidence that

acupuncture treatment is valuable for patients who suffer

frequent episodes of that type of headache. A number of other

studies have also demonstrated that acupuncture results in

a greater reduction in intensity and frequency of tension-type

headache than sham acupuncture [48,49]. Acupuncture,
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therefore, appears to be beneficial for reducing the frequency

and severity of episodic tension-type headaches.

5. Acupuncture in epilepsy

Epilepsy is a chronic neurological condition characterized by

excessive synchronization of neuronal networks, behavioral

changes, and recurrent seizures. Most studies have demon-

strated that acupuncture is not an effective treatment for

epilepsy. For example, the authors of a Cochrane review

concluded that there is not enough evidence to support the

effectiveness of acupuncture as treatment for epilepsy,mainly

because most of the studies were of poor methodological

quality [50]. In addition, Kloster et al. showed that therewasno

difference in the frequency of seizure between patients with

chronic intractable epilepsy who received acupuncture and

patients who received sham acupuncture at bilateral Taichon

(LR3), Hegu (LI4) and Baihui (GV20) acupoints for 30 minutes,

three times per week for 7.5 weeks, indicating that acupunc-

ture is not beneficial in patients with chronic intractable

epilepsy [51]. A similar study on patients with intractable

Fig. 1 e Acupuncture as treatment for nervous system disorders.
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epilepsy showed that acupuncture treatment did not result in

improved health-related quality of life [52]. Therefore, the

results of many randomized, controlled trials indicate that

acupuncture is not an effective treatment for epilepsy.

Vagal nerve stimulation and EA are promising neuro-

protective therapies for patients with intractable epilepsy.

Studies have shown that stimulation of acupoints stimulates

the vagus nerve, and it is possible that vagal nerve stimulation

and EA target the same center of the brain. The nucleus of the

solitary tract isalso thesiteofafferent signalsproducedbyvagal

nerve stimulation or EA when applied to scalp, face and auric-

ular sites, and the neuroprotective effects of EA in epileptic

patientsmaybedue to theanti-inflammatoryandneurotrophic

actions produced through the nucleus of the solitary tract by

stimulation of the vagus nerve [53,54]. We found that 2 Hz and

100 Hz EA applied to bilateral Zusanli (ST36) acupoints resulted

in reduced pulse rate, indicating that EA at Zusanli (ST36)

induces parasympathetic activity [55]. He et al. hypothesized

that auricular acupuncture may suppress epileptic seizures by

activating parasympathetic activity. This increase in para-

sympathetic tone is believed to activate the nucleus of the

solitary tract, which might result in the suppression of struc-

tures related to the pathogenesis of epilepsy or in theactivation

of the cholinergic anti-inflammatory pathway [56]. Further

studies are needed to determine whether EA stimulation at

specific acupoints has an antiepileptic effect as a result of EA-

induced parasympathetic activity.

6. Acupuncture in peripheral nerve disease

6.1. Bell’s palsy

Bell’spalsy isdefinedasan idiopathic facialnerveparalysisand

is the most common unilateral peripheral facial neuropathy.

The cause of Bell’s palsy is unknown, but mounting evidence

suggests that reactivatedherpesvirus infectionplaysakey role

in its development [57,58]. Although a Cochrane review

concluded that there is inadequate evidence to support the

effectiveness of acupuncture for Bell’s palsy [59], a number of

studies have provided evidence that acupuncture is beneficial.

For example, Li et al., in their multi-center, single-blinded,

randomized controlled trial comprising 480patientswithBell’s

palsy, found that acupuncture applied to the Dicang (ST4),

Jiache (ST6), Hegu (LI4), Yangbai (GB14), Xiaguan (ST7), and

Yifeng (TE17) acupoints for 30 minutes followed by mox-

ibustion for 5minutes, five times perweek for 4weeks resulted

in significant improvement in facial nerve function [60]. In

addition, acupuncture treatment was shown to be safe and

effective in improving functional and cosmetic outcome in

a patient with a 7-year history of Bell’s palsy and in a pregnant

patient with Bell’s palsy [61,62]. More rigorous clinical studies

are needed to determine whether acupuncture is an appro-

priate and effective treatment for patients with Bell’s palsy.

6.2. Carpal tunnel syndrome

Carpal tunnel syndrome (CTS) is a nerve disorder of the hand

caused by compression of the median nerve. Surgical decom-

pression is considered to be definitive treatment, although

conservative treatment such as steroid injection (e.g., with

prednisolone) and splinting is effective in some cases [63].

Acupuncture is often used as adjunct therapy, especially in

Asian countries. Sim et al. reviewed 11 studies including 6

randomized controlled trials of the use of acupuncture as

conservative therapy for CTS and found that there is not

enough evidence to support its efficacy [64]. Yao et al., in their

double-blinded, randomized controlled study of 34 patients

with CTS, found that verum acupuncture was not superior to

placebo acupuncture [65]. However, Napadow et al. used

functional magnetic resonance imaging to evaluate differ-

ences in somatosensory cortical plasticity after acupuncture

treatment between 13 adult patients with CTS and 12 age- and

sex-matched healthy adults and found that acupuncture

resulted in changes in digital cortical representation in CTS

patients 5weeks after acupuncture treatment. These changes,

however, were not noted in the healthy adults [66]. They also

found that verum acupuncture activated regions in the hypo-

thalamus and deactivated regions in the amygdala in patients

withCTSbutnot inhealthyadults, indicating thatacupuncture

might modulate the limbic-paralimbic network [67]. In addi-

tion, studies have demonstrated that the effects of acupunc-

ture applied to the Daling (PC7) and Neiguan (PC6) acupoints

twice perweek for 4weeks on reducing symptoms of CTSwere

similar to those elicited by the administration of prednisolone

[68], and that the effects of acupuncture treatment lasted

longer than the effects obtained with that corticosteroid [69].

Although additional studies are needed to prove the efficacy of

acupuncture for CTS, it appears that acupuncture is moder-

atelybeneficial as conservative treatment inpatientswithCTS.

7. Conclusion

Acupuncture treatment is beneficial in patients with subacute

and chronic stroke, appears to be effective for migraine when

used prophylactically, is an effective treatment for tension-

type headache, and shows promise as an adjunct therapy

for Bell’s palsy and carpal tunnel syndrome. More rigorous

studies are needed to evaluate whether acupuncture is an

efficacious treatment modality for Alzheimer’s disease,

vascular dementia, Parkinson’s disease, and epilepsy (Fig. 1).

Acknowledgments

The author is grateful to Mr. Jeffrey Conrad for editorial

assistance.

r e f e r e n c e s

[1] Wang B, Wu NL, Wu AQ. The Yellow Emperor’s Canon of
Internal Medicine. Beijing: China Science & Technology
Press; 1997. 1st edition;1999, 2nd edition.

[2] White A, Ernst E. A brief history of acupuncture.
Rheumatology 2004;43:662e3.

[3] Bannerman RH. Acupuncture: the WHO view. World Health
1979;12:27e8.

B i oM e d i c i n e 2 ( 2 0 1 2 ) 5 1e5 7 55



[4] http://www.doh.gov.tw/CHT2006/DM/DM2_2_p02.aspx?
class_no¼440&now_fod_list_no¼11897&level_no¼3&doc_
no¼80725.

[5] Hu HH, Chung C, Liu TJ, Chen RC, Chen CH, Chou P, et al. A
randomized controlled trial on the treatment for acute
partial ischemic stroke with acupuncture.
Neuroepidemiology 1993;12:106e13.

[6] Hsieh RL, Wang LY, Lee WC. Additional therapeutic effects of
electroacupuncture in conjunction with conventional
rehabilitation for patients with first-ever ischemic stroke.
J Rehabil Med 2007;39:205e11.

[7] Johansson K, Lindgren I, Widner H, Wiklund I, Johansson BB.
Can sensory stimulation improve the functional outcome in
stroke patients? Neurology 1993;43:2189e92.

[8] Johansson BB, Haker E, von Arbin M, Britton M, Långström G,
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a b s t r a c t

Amyotrophic lateral sclerosis (ALS) is a rare and lethal neurodegenerative disease for which

there is no effectivemedical treatment. Although riluzole, anN-methyl-D-aspartate receptor

antagonist, has been shown to be reasonably safe for patients with ALS, the drug has been

demonstrated to prolong median survival by only 2e5 months. There is mounting evidence

that stemcell-based gene therapy is apromising treatmentmodality for patientswithALS. In

this review, we focus on the types, sources, and doses of stem cells that have been shown to

be effective for ALS patients, the differences in cytokines or chemokines secreted from these

various stem cells, and the immune-modulation activity of stem cells as treatment for ALS.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is an incurable, degener-

ative neurological disease. The clinical characteristics of ALS

include muscle weakness and atrophy, spasticity, and even-

tual paralysis due to the progressive loss of spinal and brain-

stem motor neurons. Death typically occurs 3e5 years after

symptoms begin [1,2]. The disease currently affects an esti-

mated 350,000 people worldwide, and there are no effective

treatments. Although riluzole, an N-methyl-D-aspartate

(NMDA) receptor antagonist, is the only drug approved by the

US Food and Drug Administration for ALS, it has been shown

to offer only a modest improvement in symptoms and to

prolong median survival by a maximum of 3e5 months.

Therefore, an effective treatment for ALS is urgently needed.

This review article focuses on the emergence of stem cell-

based gene therapy in ALS.

2. Molecular mechanisms mediating the
development of ALS

It is still not fully understood why specific neuronal pop-

ulations are selectively vulnerable in ALS. Mutations in

several genes have been shown to be related to the develop-

ment of the disease, includingmutations in the SOD1, TARDBP
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(TDP-43), FUS/TLS, FIG4, and chromosome 9 open reading

frame 72 (C9orf72) genes. A hexanucleotide repeat expansion

of the C9orf72 gene has been identified as the underlying

genetic cause of chromosome 9p21-linked frontotemporal

lobar degeneration and ALS [3e5].

In addition, about 20% of cases of inherited ALS are caused

by mutations in the superoxide dismutase-1 (SOD1) gene,

particularly mutations that cause misfolding of the protein

product [6]. Studies have shown that mutant SOD1 transgenic

mice with loss of SOD1 function show phenotypic character-

istics of motor neuron disease, including progressive deteri-

oration of the brainstem and a functional loss of spinal motor

neurons, resulting in weakness, loss of muscle function, and

premature death. Interestingly, studies have shown that

epigenetic factors, such as aging, are possible causes of ALS in

more than 90% of patients with the disease [7].

3. Superoxide dismutases

In vivo, superoxide dismutases are responsible for perox-

idation reactions in cells. These enzymes are divided into

several species based on their intracellular locations. SOD1

(Cu/ZnSOD) is located in the mitochondrial intermembrane

space and cytosol, while SOD2 (MnSOD) is found in the

mitochondrial matrix. Although these dismutases are located

in different intramitochondrial locations, these enzymes have

the same catalytic functions.

4. Other molecular mechanisms of ALS

Excitotoxicity of motor neurons has also been implicated in

the pathogenesis of ALS. Most patients with sporadic ALS

express reduced levels of synaptosomal high-affinity gluta-

mate uptake and glutamate transporters such as excitatory

amino acid transporter 2 (EAAT2 or GLT1) in the motor cortex

and spinal cord, resulting in apoptosis of motor neurons due

to elevated extracellular glutamate concentrations [8,9]. The

NMDA receptor antagonist riluzole effectively minimizes the

overexcitation of motor neurons caused by elevated levels of

extracellular glutamate and has been shown to have a good

safety profile in patients with ALS; however, the drug only

extends the lifespan of ALS patients by several months

[10e14].

5. Pathology of mutant SOD1 transgenic
mice

In 1994, Gurney et al established strains of transgenic mice

that express mutant human SOD1 (mSOD1) in order to study

the impact of overproduction of mutant SOD1 protein and its

accumulation on motor neuron function in ALS [15,16]. Of

these mSOD1 transgenic mice, a strain of hemizygous mice

harboring human SOD1 with the G93A mutation in high copy

number has been shown to be an appropriate model for

studying ALS inmice with a short lifespan because thesemice

become completely paralyzed and die within 16e18 weeks of

age. On the other hand, G93A-mSOD1 mice with a low trans-

gene copy number are used to study ALS in mice with longer

lifespans. These mice demonstrate much slower disease

progression and die within 8e9months of age [16]. The results

of pathological studies of these mutant SOD1 mice have

revealed accumulation of mutant SOD1 in the brainstem and

spinal motor neurons, marked inflammation around the

dying neurons, and overexpression of cytokines such as

tumor necrosis factor alpha and interferon gamma in spinal

lesions [17,18].

6. Stem cell therapy as treatment for ALS

Stem cells have the ability to continuously divide and

differentiate into a number of different types of cell. Stem

cells also secrete various cytokines, chemokines, and trophic

factors that are known to modulate inflammation, attract

other stem cells to sites of injury, enhance cell survival, and

participate in angiogenesis and neurogenesis [19,20]. Tables 1

and 2 provide a review of clinical trials in ALS patients and

animals.

Table 1 e Clinical trials of stem cell therapy as treatment for amyotrophic lateral sclerosis (ALS).

Humans Stem cell source Conditioning
regimen

Delivery method Dose Outcome

sALS patients CD34þ HSCs Total body irradiation

(450 cGY); tacrolimus

(0.3 mg/kg/d IV) and

methotrexate (5 mg/

m2 IV)

IV injection Absolute neutrophil

count >5� 108/L

No clinical benefit

ALS patients Autologous MSCs None reported Multiple intraspinal

thoracic subcutaneous

injections

Approximately

5.7� 107 cells total

Decelerated linear

decline of forced vital

capacity

ALS patients Autologous CD133þ

cells

None reported Bilateral injection into

frontal motor cortex

2.5e7.5� 105 cells/site Survived more than 47

months

IV¼ intravenous; HSC ¼ hematopoietic stem cells; MSC¼mesenchymal stem cells; sALS ¼ sporadic amyotrophic lateral sclerosis.
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7. Hematopoietic stem cell therapy in ALS

CD34þ hematopoietic stem cells (HSTCs) were first used to

treat patients with leukemia because these cells are easily

isolated from bone marrow and peripheral blood. In 2008,

however, Appel et al reported that CD34þ stem cell trans-

plantation therapy could only be performed in patients who

received peripheral blood HSTC from an identically matched

human leukocyte antigen donor [21]. Transplantation by

intravenous injection of HSTCs to ALS patients with an

absolute neutrophil count > 0.5� 109/L revealed that inflam-

matory cells (macrophages andmonocytes) proliferated in the

spinal cord. The authors then used immunohistochemical

staining to show that HSTCs accumulated in the spinal cord

and released chemokines. Although the results showed that

administration of HSTCs induced a strong immune response,

the authors found that the use of CD34þ stem cells did not lead

to any marked improvement in symptoms of ALS [21]

(Table 3).

8. Effectiveness of mononuclear cells from
umbilical cord blood in ALS

Recently, Garbuzova-Davis et al treated pre-symptomatic

G93A-mSOD1 mice with an intravenous injection of a single

low dose (10� 106 cells), a moderate dose (25� 106 cells), or

a high dose (50� 106 cells) of umbilical cord blood-derived

mononuclear cells (MNC-hUCBs) and found that the

moderate dose (25� 106 cells) significantly increased lifespan

by 20e25% and delayed disease progression by 15% [22]. The

most beneficial effect on decreasing proinflammatory cyto-

kines in the brain and spinal cord was found in mice that

received moderate-dose therapy. In addition, results of

hematological assays showed that the number of lympho-

cytes was significantly higher and the number of neutrophils

significantly lower in the peripheral blood of mice that

received a dose of 25� 106 cells than in the peripheral blood of

mice that received low-dose or high-dose therapy. Moderate-

dose therapy was also shown to result in a marked reduction

in microglial density in the cervical and the lumbar spinal

cord, indicating that MNC-hUCB cells transplanted via intra-

venous injection can move into cervical and lumbar tissue.

The findings demonstrate that transplantation via intrave-

nous injection of a moderate dose (25� 106 cells) of MNC-

hUCB cells may provide a neuroprotective effect for motor

neurons and prolong the survival rate of mice with ALS [20).

9. Mesenchymal stem cell therapy in ALS

Bone marrow-derived mesenchymal stem cells are widely

used for the treatment of many human diseases [23]. Mazzini

et al found that bone marrow-derived mesenchymal stem

cells that had been cultured for two or three generations and

then transplanted via multiple intraspinal thoracic injections

at a dose of 57� 106 cells did not produce a strong

Table 2 e Current clinical trials in amyotrophic lateral sclerosis (ALS).

Trial institutions Stem cell source Delivery method Dose Outcome

Neuralstem Inc. Human spinal cord-derived

neural stem cells

Surgical implantation None reported Phase I Safe. Delay in

symptoms of disease

Fundacion para

a Formacion e

Investigacion Sanitarias

de la Region de Murcia

Autologous bone marrow

stem cells

Intraspinal transplantation

and intrathecal infusion of

autologous bone marrow

stem cells

None reported Phase II

Corestem, Inc Autologous bone marrow-

derived stem cells

HYNR-CS intrathecal

injection with 1 mL/10 kg

body weight at an interval

of 26 days

None reported Phase II

Mayo Clinic Mesenchymal stem cells Single intrathecal lumbar

puncture

10� 6 cells Phase I

TCA Cellular Therapy Autologous bone marrow-

derived stem cells

Infusion of autologous bone

marrow-derived stem cells

None reported Phase I

Hadassah Medical

Organization

Autologous cultured

mesenchymal bone marrow

stromal cells secreting

neurotrophic factors

IM in patients with early

ALS

IT in patients with

progressive ALS

IM: patients

were injected at

24 sites with

a total of 24

million cells

IT: intrathecally

via a standard

lumbar

puncture,

with a total of

60 million

cells

Phase II

HYNR-CS ¼ autologous bone marrow-derived stem cells; IM¼ intramuscular; IT¼ spinal cord injection. muscle injection.

Data source: http://clinicaltrials.gov/ct2/home.
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inflammatory response and did not result in abnormal cell

proliferation in the spinal cord in ALS patients during 4 years

of post-transplant follow-up. In addition, 50% of patients

showed evidence of a significant slowing down of the linear

decline of forced vital capacity [24]. Cell transplantation by

spinal injection is a high-risk procedure, and the long-term

safety profiles of administering stem cells via that approach

need to be established in clinical trials involving larger

numbers of patients.

There is mounting evidence that progression of ALS is

related to inflammatory and immune responses. A recent

study by Rentzos et al revealed that the levels of CD8 cytotoxic

T-cells and natural killer T-cells were significantly higher and

that the number of regulatory T-cells was significantly lower

in the peripheral blood of ALS patients than in blood from

normal controls [25]. Therefore, mesenchymal stem cell

therapy might be able to modulate the host immune inflam-

matory response and extend the survival of ALS patients.

10. Neuroprogenitor cell therapy in ALS

CD133þ stem cells have the ability to differentiate into

multiple neural lineages. Recently, Martinez et al studied the

effects of CD133þ progenitor cells on survival in ALS patients.

A total of 20 patients with ALS were randomized to a treat-

ment group or a control group. The treatment group received

a subcutaneous injection of 300 mg of filgrastim for 3 days to

stimulate the overproduction of stem cells in bone marrow.

CD133þ stem cells were then separated from peripheral blood

using magnetic bead separation. Patients then received

2.5e7.5� 105 cells per 300 mL cerebrospinal fluid (CSF) by

bilateral injection into the frontal motor cortex. They found

that transplantation of CD133þ progenitor cells resulted in

a delay in disease progression and increased survival [26].

11. Stem cell therapy in ALS at the China
Medical University

Mesenchymal stem cells can be derived from a number of

tissue types, including adipose tissue, dental pulp, and

umbilical cord blood. Our group is currently studying the

effects of different types of stem cells in animalmodels of ALS

to determine the type that is most effective at suppressing the

immune and inflammatory responses and which can there-

fore be developed as an appropriate vector therapy.

Our preliminary data show that the effects of stem cells as

treatment for neurodegenerative diseases may be due to their

ability to secrete chemokines or their ability to regulate the

immune response. We have found that transplantation of

stem cells by cortical spinal tract injection prolongs the life-

span of mice with ALS by about 150 days. The results of

immunohistochemical staining have revealed the presence of

Table 3 e Use of cell therapy for the treatment of amyotrophic lateral sclerosis in animal models.

Animal model Stem cell
source

Conditioning
regimen

Delivery method Dose Outcome

SOD1G93A rats Human NPCs FK-506 (1 mg /kg

daily)

Bilateral lumbar SC

injections

2� 104 cells/site,

eight sites

No NMJs with host

muscle

SOD1G93A rats Rat GRPs Ciclosporin A (10 mg/

kg daily)

Bilateral cervical SC

injections

1� 105 cells/site, six

sites

Prevented MN loss;

increased lifespan

SOD1G93A rats Human NPCs Ciclosporin A (10 mg/

kg daily)

Unilateral lumbar SC

injections

1.2e1.8� 105 cells/

site, four sites

Prevented MN loss;

did not innervate

muscle end plates

SOD1G93A rats Human MSCs Ciclosporin A (10 mg/

kg daily); focal

muscular injury with

bupivacaine

hydrochloride

(0.35 mg)

Bilateral muscle

injections

1.2� 105 cells/site Increased number of

NMJs and MN cell

bodies; prevented

loss of proximal MNs

SOD1G93A mice Human MSCs None Unilateral lumbar SC

injection

1� 106 cells/site Delayed MN loss;

improved motor

performance

SOD1G93A mice Human umbilical

cord blood cells

Ciclosporin A (10 mg/

kg daily)

IV injection 10� 106 cells, 25� 106

cells, or 50� 106 cells

per mouse

25� 106 cells was the

most effective dose;

increased lifespan (20

e25%) and delayed

disease progression

(15%)

SOD1G93A/PU.1,

SOD1G93A/RAG2

mice

Mouse BM Gamma-irradiation

(400 rads)

IP injection,

SOD1G93A/PU.1/

mice; IV injection,

SOD1G93A/RAG2/ mice

1� 107 cells per

SOD1G93A/PU.1

mouse; 3� 107 cells

per SOD1G93A/RAG2

mouse

Prolonged survival

BM; GRP; IP¼ intraperitoneal; IV¼ intravenous; MN¼motor neuron; MSC¼mesenchymal stem cells; NMJ¼ neuromuscular junction; NPC;

SC¼ spinal cord.
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several types of stem cell in the lumbar spinal cord and

evidence of increased levels of chemokines and trophic

factors, such as stromal cell-derived factor-1 (SDF-1), Brain-

derived neurotrophic factor (BDNF), and C-X-C chemokine

receptor type 4 (CXCR-4). The findings support our hypothesis

that transplanted stem cells are attracted to sites of injury by

inflammatory signaling molecules (Fig. 1).

In the future, we plan to conduct preclinical trials to study

the effects of stem cells that have been transfected with

wildtype SOD1 as well as the effects of other stem cell-based

gene therapies on disease progression and survival in

animal models of amyotrophic lateral sclerosis.
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a b s t r a c t

Spinal reflex potentiation (SRP) in the pelvic-urethra reflex activity is a form of activity-

dependent neural plasticity, presumed to be essential for urethra contraction resulting

continence under physiological conditions and also to underlie the pelvic pain caused by

pathology in the pelvic cavity. Studies have demonstrated that SRP could be induced by

electrical shocks, bladder distension and activation of the lumbosacral (L6-S1) spinal glu-

tamatergic NMDA and AMPA receptors. Conversely, blockage of glutamatergic receptors

using selective antagonists either attenuated or abolished the established SRP. Electrical

shocks on and nicotine microinjection into the pontine tegmentum area facilitated SRP

induction, but intrathecal serotonin antagonists abolished electrical stimulation- and

nicotine-induced facilitation on SRP. Finally, the induction of SRP is highly estrogen-

dependent, because surgical ablation of menstruation diminished the SRP which is pre-

vented by estradiol supplements, and SRP is more significant in proestrus (high estrogen

but low progesterone) than in metestrus (both estrogen and progesterone are low) of the

menstrual cycle. We propose that SRP is relevant to urine continence under physiological

conditions, and pathological facilitation of SRP could result in pelvic pain.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

In the central nervous system (CNS), repetitive activation of

synaptic connections could lead to strengthening of synaptic

efficacy in a variety of brain structures [1e4]. In the CA1 area of

the hippocampus, long-term potentiation (LTP) [5,6], a tetani-

zation-induced enhancement in synaptic efficacy, has been

investigated extensively in the last three decades, because it

is considered a fundamental mechanism of learning and

memory formation [4,7]. In addition, “windup”, a pain-related

synaptic plasticity, characterized by a progressive increase in

evoked activity in the wide dynamic dorsal horn neurons, is

presumed to underlie the development of allodynia and/or

hyperalgesia [8,9].

2. Pelvic-urethra reflex potentiation

The pelvic-urethral reflex (PUR), in which sensory impulses

induced by bladder distension transmit centripetally onto the
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dorsal horn neurons through the pelvic afferent fibers [10]

and, after integrating within the spinal cord, motor impulses

emerge via the pudendal efferent fibers, and therefore, cause

external urethra sphincter contractions [11,12], has been

shown to be essential for the urethra to develop sufficient

resistance to maintain continence during the micturition

cycle [13]. Spinal reflex potentiation (SRP) of the pelvic-urethra

reflex was first reported in 2003, by demonstrating the firing

of pudendal efferent nerves (PENs) and external urethra

sphincter electromyogram (EUSE) evoked by pelvic afferent

nerve (PAN) repetitive stimulation (RS, 1 stimulation/1

second), increased progressively following stimulation onset,

then reached a plateau which was maintained until stimula-

tion ceased. In contrast, PAN test stimulation (TS, 1 stimula-

tion/30 seconds) evoked relatively constant baseline reflex

activity with a single action potential [14]. Additionally, in

parallel to inducing SRP, RS on PAN elongated the contraction

wave of the urethra, implying the SRP of the pelvic-urethra

reflex potentiation is physiologically relevant to urethra

closure [14e16]. Moreover, stepwise saline distension of the

urinary bladder from 0 to 4, 8, 12 and 16 mmHg dose-

dependently potentiated TS-evoked baseline pelvic-urethra

reflex activity, accompanied by elongation of the urethra

contraction wave [17], suggesting physiological challenges,

such as bladder distension, could induce SRP. Finally, during

the early storage stage of a voiding cycle, negligible incre-

ments in intravesical pressure did not induce background

spontaneous firing in EUSE, whereas, off-line analysis

demonstrated that TS-evoked pelvic-urethra reflex activities

were potentiated in parallel with intravesical pressure

increases during this stage [17], suggesting that the strength of

the pelvic-urethra reflex fluctuates following the micturition

cycle. Together, these results imply that SRP could be a phys-

iological phenomenon which occurs under physiological

conditions.

3. Involved neurotransmission

Investigations using spinal administration of test agents

demonstrated that SRP caused by repetitive electric shocks

[18e25], bladder saline distension [17], rhythmic voiding cycle

[22] and noxious visceral irritation [23e31] is blocked by intra-

thecal application of 2-amino-5-phosphono-valerate (APV),

a glutamatergic NMDA receptor antagonist, and diminished

by 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-

dione (NBQX), a glutamatergic AMPA receptor antagonist.

Conversely, spinal administration of NMDA and AMPA both

provoke reflex potentiation in TS-induced baseline reflex

activity [23e30], indicating crucial roles of spinal gluta-

matergic NMDA and AMPA receptor subtypes in the induction

of PUR potentiation.

4. Descending control

Researchers investigating the possible areas exhibiting

descending control on the SRP, have revealed that at the

dorsal pontine tegmentum (DPT), synchronized electrical

shocks to PAN stimulation facilitated RS-induced SRP. Spinal

administration of serotonin antagonist and high level spinal

cord transaction at T1 level both abolished the facilitation on

SRP caused by DPT stimulation [18,32]. In another study,

microinjection of nicotinic agonist to the DPT, exhibited

similar facilitatory effects on SRP as synchronized electric

shocks did, and conversely, pharmacological blockage of the

nicotinic cholinergic receptors (nACh) in this area abolished

the modulation exhibited by the nicotinic agonist [33,34].

Additionally, the nicotinic agonist-induced facilitation on SRP

was also blocked by intrathecal serotonin antagonist and T1

level spinal transaction [35]. Together these data suggest that

activating nACh receptors at the DPT may modulate SRP

induction via descending serotonergic neurotransmission.

5. Impacts of female gonadal hormones

Whether or not levels of circulatory estrogen affect lower

urinary function through effects on SRP was first investigated

using rats which received a sham operation (Sham), ovari-

ectomy (OVX), or ovariectomy followed by estrogen supple-

mentation (OVXþ E). The magnitude of the RS-induced

SRP and associated urethra contraction wave elongation

decreased significantly in the OVX group, which was partially

reversed by supplemental estrogen [15], indicating that

estrogen impacts lower urinary function through modulating

SRP. Moreover, by recording the evoked reflex activity in rats

in different estrus stages of the female cycle, studies have

shown noxious visceral stimulation induced SRP in both the

proestrus andmetestrus stages. However, the degree of reflex

potentiation was significantly higher in the proestrus rats

than the metestrus ones [31], implying that the strength of

the SRP fluctuates in response to estrogen levels across

different estrus stages. In addition to genomic actions medi-

ated by nucleus receptors, administration of 17b-estradiol

(5 mg/kg) was demonstrated to acutely facilitate noxious

visceral stimulation-induced SRP which was reversed by

intrathecal pre-treatment with ICI 182780, a non-selective

membrane estrogen receptor antagonist [28], indicating

a role of membrane estrogen receptor on the estrogen-

dependent facilitation of SRP.

In addition to estrogen, a regimen of daily progesterone for

4 days attenuated RS-induced SRP and simultaneously regu-

lated the expression of GABAA receptor alpha 2, alpha 3, alpha

4 and delta subunits in ovariectomized rats. Finasteride, an

antagonist of neurosteroid synthesis from progesterone, but

not RU486, a progesterone receptor antagonist, reversed the

progesterone-dependent inhibition of SRP. Moreover, SRP

was attenuated after a short intrathecal treatment with the

neurosteroids, allopregnanolone and 3a,5a-tetrahydrodeox-

ycorticosterone (THDOC). Acute intrathecal administration of

the GABAA receptor antagonist bicuculline reversed the

inhibition produced by progesterone, THDOC and allopreg-

nanolone. These results imply that, through its metabolic

neurosteroid, progesterone inhibits SRP by exerting effects on

spinal GABAA receptor expression [27]. This proposal is

further supported by a study that showed progesterone, as

well as two of its 3a,5a-derivatives, allopregnalonone and

THDOC, is capable of producing acute GABAA receptor-

dependent inhibition of SRP.
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6. Possible role in urethral spasms

To investigate the rationale that anal stretch could relieve the

high urethral resistance in neurogenic bladder or detrusor-

sphincter dyssynergia, the impact of acute anal stretch on

PUR potentiation was examined in urethane-anesthetized

rats. Acute anal stretch using a mosquito clamp with

a distance of 4 mm exhibited no effect, whereas distances of

8 mm attenuated and 12mm abolished the repetitive

stimulation-induced SRP. Intrathecal pretreatment with bicu-

culline, a GABAA receptor antagonist, but not hydroxysaclofen,

a GABAA receptor antagonist, counteracted the anal stretch-

dependent abolition of PUR potentiation [36]. These results

suggested that GABAergic neurotransmission is an important

spinal mechanism involved in inhibition of reflexive external

urethra sphincter activity. Moreover, acute manual anal

stretch, a maneuver that activates the spinal GABAergic

system, may be used as an adjunct to assist voiding dysfunc-

tion in patients with overactive urethral sphincters.

7. Conclusion

The induction of spinal reflex potentiation in the pelvic-

urethra reflex activity seems to be physiologically relevant to

urethra closure, and pathologically relevant to pelvic pain.

Therefore, its underlying mechanisms could provide infor-

mation for developing a therapeutic strategy for neurogenic

pelvic pain.

r e f e r e n c e s

[1] Mendell LM. Physiological properties of unmyelinated fiber
projection to the spinal cord. Exp Neurol 1966;16:316e32.

[2] Johnston D, Williams S, Jaffe D, Gray R. NMDA-receptor-
independent long-term potentiation. Annu Rev Physiol 1992;
54:489e505.

[3] Madison DV, Malenka RC, Nicoll RA. Mechanisms underlying
long-term potentiation of synaptic transmission. Annu Rev
Neurosci 1991;14:379e97.

[4] Siegelbaum SA, Kandel ER. Learning-related synaptic
plasticity: LTP and LTD. Curr Opin Neurobiol 1991;1:113e20.

[5] Bliss TV, Lomo T. Plasticity in a monosynaptic cortical
pathway. J Physiol 1970;207:61P.

[6] Bliss TV, Gardner-Medwin AR. Long-lasting increases of
synaptic influence in the unanesthetized hippocampus. J
Physiol 1971;216:32e33P.

[7] Wang M, Moss RL. Long-term and short-term
electrophysiological effects of estrogen on the synaptic
properties of hippocampal CA1 neurons. J Neurosci 1992;12:
3217e25.

[8] Woolf CJ. Evidence for a central component of post-injury
pain hypersensitivity. Nature 1983;306:686e8.

[9] Woolf CJ. Generation of acute pain: central mechanisms. Br
Med Bull 1991;47:523e33.

[10] de Groat WC, Booth AM, Yoshimura N. Neurophysiology of
micturition and its modification in animal models of human
disease. In: Maggi CA, editor. The autonomic nervous
system. London: Harwood Academic; 1993. p. 227e90.

[11] Kamo I, Cannon TW, Conway DA, Torimoto K,
Chancellor MB, de Groat WC, et al. The role of bladder-to-
urethral reflexes in urinary continence mechanisms in rats.
Am J Physiol Renal Physiol 2004;287:F434e41.

[12] Kuru M. Nervous control of micturition. Physiol Rev 1965;45:
425e94.

[13] de Groat WC, Yoshimura N. Pharmacology of the lower
urinary tract. Annu Rev Pharmacol Toxicol 2001;41:691e721.

[14] Lin TB. Dynamic pelvic-pudendal reflex plasticity mediated
by glutamate in anesthetized rats. Neuropharmacology 2003;
44:163e70.

[15] Lin SY, Chen GD, Liao JM, Pan SF, Chen MJ, Chen JC, et al.
Estrogen modulates the spinal NMDA-mediated pelvic
nerve-to urethra reflex plasticity in rats. Endocrinology 2006;
147:2956e63.

[16] Lin TB. Tetanization-induced pelvic-to-pudenal reflex
plasticity in anesthetized rats. Am J Physiol Renal Physiol
2004;287:245e51.

[17] Liao JM, Huang PC, Pan SF, Chen MJ, Tung KC, Peng HY, et al.
Spinal glutamatergic NMDA-dependent pelvic nerve-to-
external urethra sphincter reflex potentiation caused by
a mechanical stimulation in anesthetized rats. Am J Physiol
Renal Physiol 2007;292:F1790e801.

[18] Ishiura Y, Yoshiyama M, Yokoyama O, Namiki M, de
Groat WC. Central muscarinic mechanisms regulating
voiding in rats. J Pharmacol Exp Ther 2001;297:933e9.

[19] Ji Y, Murphy AZ, Traub RJ. Estrogen modulates the
visceromotor reflex and responses of spinal dorsal horn
neurons to colorectal stimulation in the rat. J Neurosci 2003;
3:3908e15.

[20] Wu HC, Chang CH, Peng HY, Chen GD, Lai CY, Hsieh MC,
et al. EphrinB2 induces pelvic-urethra reflex potentiation via
Src kinase-dependent tyrosine phosphorylation of NR2B. Am
J Physiol Renal Physiol 2011;300:F403e11.

[21] Wu HC, Chiu CH, Tung KC, Chen GD, Peng HY, Lin TB.
Dopaminergic D2 receptors activate PKA to inhibit spinal
pelvic-urethra reflex in rats. Am J Physiol Renal Physiol 2010;
299:F681e6.

[22] Liao JM, Yang CH, Cheng CL, Pan SF, Chen MJ, Huang PC, et al.
Spinal glutamatergic NMDA-dependent cyclic pelvic nerve-to-
external urethra sphincter reflex potentiation in anesthetized
rats. Am J Physiol Renal Physiol 2007;293:790e800.

[23] Peng HY, Chang CH, Tsai SJ, Lai CY, Tung KC, Wu HC, et al.
Protein kinase A-dependent spinal alpha-amino-3-hydroxy-
5-methyl-4-isoxazoleproprionate receptor trafficking
mediates capsaicin-induced colon-urethra cross-organ reflex
sensitization. Anesthesiology 2011;114:70e83.

[24] Peng HY, Chen GD, Lai CY, Hsieh MC, Hsu HH, Wu HC, et al.
PI3K modulates estrogen-dependent facilitation of colon-to-
urethra cross-organ reflex sensitization in ovariectomized
female rats. J Neurochem 2010;113:54e66.

[25] Peng HY, Chen GD, Lai CH, Tung KC, Chang JL, Lin TB.
Endogenous ephrinB2 modulates colon-urethra cross-organ
sensitization via Src kinase-dependent tyrosine
phosphorylation of NR2B. Am J Physiol Renal Physiol 2010;
298:109e17.

[26] Peng HY, Chen GD, Lee SD, Lai CY, Chiu CH, Cheng CL, et al.
Neuroactive steroids inhibit spinal reflex potentiation by
selective enhancing specific spinal GABAA receptor
subtypes. Pain 2009;143:12e20.

[27] PengHY,ChenGD,TungKC,ChienYW, Lai CY,HsiehMC, et al.
Estrogen-dependent facilitation on spinal reflex potentiation
involves the Cdk5/ERK1/2/NR2B cascade in anesthetized rats.
Am J Physiol Endocrinol Metab 2009;297:416e26.

[28] Peng HY, Chen GD, Tung KC, Lai CY, Hsien MC, Chiu CH, et al.
Colon mustard oil instillation induced cross-organ
sensitization on the pelvic-urethra reflex activity in rats. Pain
2009;142:75e88.

B i oM e d i c i n e 2 ( 2 0 1 2 ) 6 4e6 766



[29] Peng HY, Chang HM, Chang SY, Tung KC, Lee SD,
Chou D, et al. Orexin-A modulates glutamatergic NMDA-
dependent spinal reflex potentiation via inhibition of
NR2B subunit. Am J Physiol Endocrinol Metab 2008;295:
117e29.

[30] Peng HY, Chang HM, Lee SD, Huang PC, Chen GD, Lai CH,
et al. TRPV1 mediates the uterine capsaicin-induced NMDA
NR2B-dependent cross-organ reflex sensitization in
anesthetized rats. Am J Physiol Renal Physiol 2008;295:
1324e35.

[31] Peng HY, Huang PC, Liao JM, Tung KC, Lee SD, Cheng CL,
et al. Estrous cycle variation of TRPV1-mediated cross-organ
sensitization between uterus and NMDA-dependent pelvic-
urethra reflex activity. Am J Physiol Endocrinol Metab 2008;
295:E559e68.

[32] Holstege G, Griffiths D, De Wall H, Dalm E. Antomical and
physiological observation on supraspinal control of bladder

and urethral sphincter muscles in the cat. J Comp Neurol
1986;250:449e61.

[33] Lecci A, Giuliani S, Santicioli P, Maggi CA. Involvement of
5-hydroxytryptamine1A receptors in the modulation of
micturition reflexes in the anesthetized rat. J Pharmacol Exp
Ther 1992;262:181e9.

[34] O’Donnell PD. Central actions of bethanechol on the urinary
bladder in dogs. J Urol 1990;143:634e7.

[35] Chen GD, Peng HY, Tung KC, Cheng CL, Chen YJ, Liao JM,
et al. Descending facilitation of spinal NMDA-dependent
reflex potentiation from pontine tegmentum in rats. Am J
Physiol Renal Physiol 2007;293:1115e22.

[36] Chen SL, Huang YH, Kao YL, Chen GD, Cheng CL, Peng HY,
et al. Acute anal stretch inhibits NMDA-dependent pelvic-
urethra reflex potentiation via spinal GABAergic inhibition in
anesthetized rats. Am J Physiol Renal Physiol 2008;295:
F923e31.

B i oM e d i c i n e 2 ( 2 0 1 2 ) 6 4e6 7 67



Review article

Inflammation in psychopathology of depression: Clinical,
biological, and therapeutic implications

Kuan-Pin Su a,b,*
aGraduate Institute of Neural and Cognitive Sciences, School of Medicine, China Medical University, Taichung, Taiwan
bDepartment of Psychiatry and Mind-Body Research Center (MBI-Lab), China Medical University Hospital, Taichung, Taiwan

a r t i c l e i n f o

Article history:

Received 13 March 2012

Received in revised form

14 March 2012

Accepted 21 March 2012

Available online 1 May 2012

Keywords:

antidepressant

anti-inflammatory

cytokines

depression

docosahexaenoic acid (DHA)

eicosapentaenoic acid (EPA)

inflammation

interleukin (IL)

interferon-a (IFN-a)

omega-3 (n-3) polyunsaturated fatty

acids (PUFAs)
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Increasing evidence suggests that inflammation responses play an important role in the

pathophysiology of depression. Clinically depressed patients manifest higher levels of

inflammatory biomarkers, while proinflammatory cytokines induce neuropsychiatric

symptoms (sickness behavior) as well as major depressive episode. Mechanisms that might

be responsible for inflammation-mediated neuropsychiatric and depressive symptoms are

vital in understanding “mindebody” interface; these have been studied in clinical and

animal models (e.g., interferon-a-induced depression in patients with chronic hepatitis C,

one of the most notable clinical models for testing inflammation theory of depression and

an excellent approach to investigate development of depression in a prospective manner).

Furthermore, the anti-inflammatory pathway has become a hot topic in looking for new

antidepressant therapies. Recently, omega-3 polyunsaturated fatty acids (omega-3 PUFAs

or n-3 PUFAs) have gained more attention as a promising treatment for depression. raEi-

cosapentanoic acid and docosahexanoic acid, major bioactive components of omega-3

PUFAs, are both natural anti-inflammatory and antidepressant agents. Here, we review

recent epidemiological studies, cross-sectional and longitudinal case-controlled studies,

interventional clinical trials, as well as basic animal and cellular studies to prove the

linkage among omega-3 PUFAs, inflammation, and depression.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

The growing burden of major depressive disorder (MDD) is

evidenced by the projection that depression will become

a leading cause of disease or injury worldwide by 2020 [1].

MDD is a serious psychiatric illness with a high lifetime

prevalence rate up to one-tenth or one-fifth [2]. In general

medical practice, at least one in 10 outpatients has this

condition; most cases go unrecognized or are inappropriately

treated, leading to loss of productivity, functional decline, and

higher mortality [2]. Nevertheless, currently available treat-

ments fail to address many crucial needs of patients

adequately, making this illness difficult to treat and burden-

some to the patients life, family, and career.

Abbreviations: arachidonic acid, (AA); docosahexaenoic acid, (DHA); eicosapentaenoic acid, (EPA); patients with chronic hepatitis C
viral, (HCV); interferon, (IFN); interleukin, (IL); polyunsaturated fatty acids, (PUFAs); tumor necrotic factor, (TNF).
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Clinical features, biological markers, and treatment

outcomes are heterogeneous. According to the diagnostic

criteria of the Diagnostic and Statistical Manual of Mental Disor-

ders, 4th Edition (DSM-IV), and/or the International Statistical

Classification of Diseases and Related Health Problems, 10th Revi-

sion, individuals within diagnostic categories of MDD have

distinct clinical manifestations. Use of the current diagnostic

schemas thus undoubtedly contributes to difficulties in

finding any single biological or genetic marker [3]. Treatment

efficacy and occurrence of adverse effects associated with

specific antidepressants vary widely among patients.

Accordingly, with the unsatisfactory outcome of pharmaco-

therapy and small-to-moderate effect sizes from most

biomarker studies and clinical trials, it is impossible to explain

the whole picture of etiology of MDD with any single

hypothesis. The inflammation theory lights a promising path

to resolve the dilemma of depression. Clinical patients exhibit

higher levels of inflammatory biomarkers [4]. Administration

of therapeutic cytokine interferon-a (IFN-a) can lead to clinical

depression [5]. In fact, it has become a hot topic in medical

research to look for antidepressant therapies from anti-

inflammatory pathways [4]. Chronic inflammation is linked

with early childhood trauma, major psychiatric disorders, and

several physical diseases; the inflammation theory provides

a window to investigate the mindebody interface.

Nowadays, omega-3 polyunsaturated fatty acids (omega-3

PUFAs or n-3 PUFAs) provide a promising path to understand

the neurobiology of depression. The human body holds two

main serial types of PUFAs: omega-6 (n-6) derived from cis-

linoleic acid (LA, 18:2) and omega-3 (n-3) derived from a-

linolenic acid (ALA, 18:3). Omega-3 PUFAs like eicosapentae-

noic acid (EPA) and docosahexaenoic acid (DHA) and omega-6

PUFAs like arachidonic acid (AA) are important constituents of

all cell membranes, which are essential for survival of

humans and other mammals. They cannot be synthesized in

the body but must be obtained from our diet and are thus

called essential fatty acids [6]. PUFAs themselves appear

active in biological function; some of their functions require

conversion to eicosanoids and products like prostaglandins,

thromboxanes (TXs), and leukotrienes (LTs). Deficit of omega-

3 PUFAs is reported to be associated with neurological,

cardiovascular, cerebrovascular, autoimmune, and metabolic

diseases, as well as bipolar disorder and depression [6]. This

review summarizes current evidence about omega-3 PUFA

biological mechanisms of and inflammation in depression.

2. Inflammation theory of depression

Increasing evidence suggests inflammation response playing

an important role in pathophysiology of depression: for

example, patients with elevated C-reactive protein, acute

phase proteins, and proinflammatory cytokines [4]. The latter

include tumor necrotic factor (TNF-a), interleukin (IL-1-beta,

IL-6, soluble TNF-R2, soluble IL6-R), and interferon (IFN-g and

IFN-a), all found to interact with many pathophysiological

domains that characterize depression: neurotransmitter

metabolism, neuroendocrine function, synaptic plasticity,

and behavior [5]. Systemic inflammatory challenges like

lipopolysaccharide or proinflammatory cytokine not only

cause a systemic inflammation, but also induce central neu-

roinflammation for sustained periods [7]. A series of behav-

ioral changes induced by neuroinflammation in experiment

animals include anorexia, sleep abnormalities, reduction of

locomotor activity and exploration, anhedonia, and cognitive

disturbances, which share a strong similarity with somatic

symptoms of depression. Sick individuals are somewhat

depressed and lethargic. The idea of sickness behavior

emanates from a series of observed symptoms related to

infection and cytokine/prostaglandins administration in

humans and animals. It offers us a good model to study the

effects of cytokine on the brain and behavior [6,8].

Excessive secretion of proinflammatory cytokines is

proposed to cause depression [9]. Microglia are resident

macrophages of the brain, acting as chief immune defense in

the central nervous system [10]. Neuroinflammatory

processes are proposed as contributing to neuropsychiatric

disorders like Alzheimer’s or Parkinson’s disease, as well as

depression, via microglial activation [10]. Engagement of

immune-to-brain communication pathways by proin-

flammatory cytokines (e.g., IFN-a, IFN-g, IL-1) ultimately leads

to microglial activation and triggers inflammatory signaling

pathways [10,11]. Upon activation, microglia up-regulate the

expression of detrimental factors of reactive oxygen species

such as nitric oxide via inducible nitric oxide synthase and

induce oxidative stress [12], contributing to neuropsychiatric

pathogenesis [10,13]. On the other hand, expression of anti-

oxidative enzymes like heme oxygenase-1 can reverse

oxidative stress and may characterize antidepressant mech-

anisms [12,14]. In addition, neuroinflammation reduces the

survival of serotonergic neurons [15] and decreases neuro-

genesis [16], while antidepressants exert neuroprotection

against microglia-mediated neurotoxicity [17].

Early-life adverse experiences are not only risk factors for

psychiatric disorders but also physical diseases for adulthood.

Children exposed to adverse psychosocial stressors display

enduring low-grade systemic inflammation [18], which is not

only a risk factor for depression but also a feature of chronic

physical diseases: metabolic syndrome, type 2 diabetes,

cardiovascular disease, coronary artery disease, cancer, and

dementia. Interestingly, these physical diseases are all

commonly comorbid in patients with depression [19]. The

inflammation theory thus explains the high comorbidity of

physical illness in depression and potential “interface

between mind and body” [20].

2.1. IFN-a-induced neuropsychiatric symptoms:
sickness behavior and depression

Most notably, this theory gains support from prospective

clinical observations like major depressive episode (MDE)

induced by cytokine therapy. IFN-a is the standard cytokine

therapy for chronic HCV infection, yet it is associated with

common and severe neuropsychiatric adverse effects. After

an initial injection of IFN-a, almost all patients experience

acute cytokine-induced sickness behavior: malaise, myalgias,

arthralgias, anorexia, fatigue, apathy, poor concentration and

attention, nonspecific painful symptoms, and acute flulike

symptoms [21,22] (fever, cough, dyspnea, pharyngitis, rhi-

norrhea, anorexia, rash) that generally subside in 1e2 weeks.
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Yet fatigue, malaise, apathy, and cognitive and behavioral

changes persist for weeks during treatment; “sickness

behavior” induced by IFN-a corresponds to the effects of

cytokine administration to animals [5,8,23]. These resemble

somatic or vegetative symptoms in major depressive disorder

[6,24].

MDE during IFN-a therapy (IFN-a-induced depression) in

patients with HCV is common; incidence ranges from 23 to

45% [25]. Onset of symptoms usually occurs within 3 months

of therapy initiation [25]. In fact, depression results in poor

compliance and is the leading cause of discontinuation of IFN-

a therapy [21]. Despite its clinical significance, it is still

unsatisfactory to apply specific clinical features when pre-

dicting IFN-a-induced depression pathogenesis. Notably,

a history of psychiatric disorder before starting IFN-a therapy

does not unequivocally predict the occurrence of such symp-

toms [26]. Other potential clinical predictors include presence

of mood and anxiety symptoms before treatment [22], history

of major depression, female gender, higher IFN-a dosage, and

longer treatment duration [22]. Biological predictors for IFN-a-

induced depression are clinically important and can help

define themolecularmechanisms of inflammation-associated

depression. IFN-a-induced increases in IL-6 have been

reported to predict the development of depressive symp-

toms, rather than MDE [27]. Cerebrospinal fluid concentra-

tions of 5-hydroxyindoleacetic acid, but no inflammatory

markers, are predictors of depressive symptoms [28]. Other

studies have examined biomarkers such as plasma adreno-

corticotropic hormone, cortisol [29], serum tryptophan

concentrations [30], even brain function [31]; these found

depression predicted by changes in biomarkers during IFN-

a therapy, rather than by baseline (pretreatment) biomarker

levels.

Recent studies identify genetic markers on serotonin

transporter and interleukin-6 genes that seem to predict the

development of IFN-a-induced depression [32]. Our study in

a Han Chinese sample, however, did not support those find-

ings. Instead, we found variations on PUFA metabolic genes

associatedwith risk of IFN-a-induced depression [24]. A recent

preliminary report cites inflammatory predictors for depres-

sion at baseline: for example, lowDHA level [24] and increased

soluble interleukin-2 receptor, interleukin-6, and interleukin-

10 concentrations [33].

Chronic HCV infection is a major public health issue in

Taiwan [34] and has a high rate of progression to liver cirrhosis

and hepatocellular carcinoma. Because of the high rate of

neuropsychiatric adverse effect like sickness behavior and

depression during IFN-a therapy, some clinicians consider

prophylactic antidepressant use. The selective serotonin

reuptake inhibitor (SSRI) antidepressants are reported to

decrease the occurrence of IFN-a-induced depression in HCV

patients [35]. However, it has been associated with adverse

events, including gastric discomfort, headache, dizziness, and

increased risk of retinal hemorrhaging, cotton-wool spots [35],

and manic episodes [36]. In addition, symptoms of IFN-a-

induced sickness behavior, once they develop, are only

partially responsive to SSRIs [37]. The limited efficacy and

possible adverse effects of antidepressant medication make it

critical to find alternative treatment and preventionmeasures

in patients receiving IFN-a.

2.2. Anti-inflammatory effect as a common mechanism
of antidepressant treatment

If activated inflammatory response is involved in depression

etiology, one would expect antidepressive treatments to have

anti-inflammatory effects. Interestingly, current antidepres-

sant agents like tricyclic antidepressants, SSRIs, serotonin

reuptake enhancer tianepine, noradrenalineedopamine

reuptake inhibitor bupropion, reversible inhibitors of MAO-A

moclobeminde, might be diverse in their actions on neuro-

transmitters, but they all exert anti-inflammatory effects

[4,12]. In animal models of depression, antidepressants

increase antioxidant levels, normalize oxidative and nitro-

sative stress damages [4], and suppress IL-1beta and TNF-

a [38,39] production. They decrease inflammation-induced

peripheral and brain cytokine production and reverse

depressive-like symptoms [40]. In cell cultures, tricyclic anti-

depressants and SSRIs significantly suppress IL-1beta, IL-6,

and TNF-a production [39]. Antidepressants also attenuate

microglial activation and nitric oxide metabolism in the brain

[12,41]. In addition, anti-inflammatory effects are associated

with mechanisms of antidepressant effects not only in tradi-

tional antidepressants but also in off-label pharmacological or

nonpharmacological treatment for depression: for example,

lithium [42], valproate [43], omega-3 PUFAs [12], atypical

antipsychotics [44,45], electroconvulsive shock [46], exercise

[47], and even psychosocial intervention [48].

Considering the broad evidence supporting the inflam-

mation theory of depression, the anti-inflammatory pathways

loom as a hot topic in the search for new antidepressant

therapies [49]. Cytokine antagonists might be associated with

significant side effects but block one only specific cytokine

[50], while cytokine networks are broadly and only mildly

activated [4]. The COX-2 inhibitor celecoxib has been shown to

be effective [51] but can also cause mild to severe side effects

(e.g., cardiovascular events [4]). Non-steroidal anti-inflam-

matory drugs cause gastrointestinal adverse effects and

increase gut permeability, which may drive peripheral

inflammation via bacterial translocation [52], and might

contribute to pathogenesis of depression [53]. Above all,

omega-3 polyunsaturated fatty acids (omega-3 PUFAs or n-3

PUFAs) might be one of the most promising treatments that

are safe, health-promoting, and well accepted.

3. Role of omega-3 PUFAs in
psychoneuroimmunology of depression

3.1. Clinical evidence

It has been observed that societies with high consumption of

fish in diet appear to have lower prevalence of MDD, mood

disorders, coronary heart disease mortality, cardiovascular

disease mortality, stroke mortality, and all-cause mortality

[54], which implies the protective effect of omega-3 PUFAs in

physical and psychiatric disorders. Consistent with epidemi-

ological findings, patients with MDD show lower levels of

omega-3 PUFAs in tissues of blood [55] and brain [56]. Deficits

in omega-3 PUFA levels are reported in other populations with
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mood disorders: for example, lower DHA and total omega-3

PUFAs in postpartum depression [57], lower DHA and EPA in

social anxiety disorder [58], and lower DHA and AA in bipolar

disorders [59].

3.2. Clinical applications

Consistent with case-control studies of PUFA levels in human

tissues, omega-3 PUFAs are reported to be effective in treat-

ment of MDD. Four meta-analytic reviews from three inde-

pendent groups have reported the antidepressant effect of

PUFAs [60e63], yet two previousmeta-analyses from the same

group did not support these effects in heterogeneous pop-

ulations (such as subclinical individuals in community

samples) [64,65]. Negative findings must be interpreted with

caution due to limitations: for example, differing mood

assessments, pooling heterogeneous populations, and

implementing different intervention methods.

Omega-3 fatty acids might be “antidepressive” on patients

with DSM-defined MDD but not “mood-improving” on symp-

tomatic individuals if the diagnosis was not clinically

confirmed. Recent meta-analysis by Bloch and Hannestad [66]

found no benefits for depression; their review included clin-

ical trials enrolling individuals according to self-rating scales

in settings like general practice surgery, shopping mall, and

university freshmen’s fair [65], which found no beneficial

effect of omega-3 PUFAs and was weighted 31.7% of a pooled

estimate among a total of 13 clinical trials. Similar results

emerged from the meta-analytic review by Appleton et al [67].

Take one clinical trial [68] included in Appleton et al’s meta-

analysis, for example. While Ness et al’s study enrolled

a relatively large number of 452 patients, it did not focus on

treating depression or using appropriate tools for diagnosis

and severity rating of depression. Intervention with omega-3

PUFA was defined to “advise” patients with angina to “eat

more fish.” The treatment outcome of omega-3 PUFAs in

Ness’s study was negative and contributed greatly to the

pooled estimate in Appleton et al’s meta-analysis.

Omega-3 PUFAs might only prevent depression but not

mania in patients with bipolar disorder [69]. Despite the

uneven quality of published studies, recent meta-analytic

evidence strongly supports the adjunctive use of omega-3 to

treat bipolar depression [70]. However, studies regarding the

effectiveness of omega-3 PUFAs in the acute manic phase of

bipolar disorder are still lacking. To date, one small double-

blind placebo-controlled trial has been published and does

not support omega-3 PUFAs’ anti-manic effects [71]. Future

large-scale, double-blind, placebo-controlled trials are

needed.

Omega-3 PUFAs offer promise in treating special pop-

ulations with depression. We first reported a successful

treatment with omega-3 PUFAs in a pregnant woman with

major depression [72]. Our 8-week, double-blind, placebo-

controlled study showed that monotherapy with omega-3

PUFAs was associated with significant improvement of

depressive symptoms and higher response rate in pregnant

women with depression [73]. Most importantly, omega-3

PUFAs are safe for and well tolerated by depressed women

during pregnancy and postpartum [74]. Omega-3 PUFAs are

proven effective and safe for children with depression [75];

supplementation lowers risk of suicide [76], alleviates MDD

depressive symptoms associated with menopausal transition

[77], and diminish aggression in women with borderline

personality disorder [78].

3.3. Preclinical evidence

Preclinical studies further support the omega-3 PUFA

hypothesis. Omega-3 PUFAs have antidepressant effects in

the animal model of depression in rats [79,80]. Likewise, the

level of brain DHA negatively correlates with immobility time

and positively correlates with swimming time [80]. Interest-

ingly, rats fed with lithium chloride, valproate, or carbama-

zapine showed reduced AA turnover within brain

phospholipids, which may give rise to the hypothesis that

lithium and anti-manic anticonvulsants act by targeting parts

of “arachidonic acid cascade” that may be functionally

hyperactive in mania [81]. Empirical evidence supports this

“arachidonic acid cascade” hypothesis identified as a mecha-

nism of mood stabilization: for example, higher ratio of AA

[59,82] alongwith hyperactivity of its majormetabolic enzyme

phospholipase A2 in mood disorders [83], inhibitory effect on

phospholipase A2 activity of mood stabilizers [84], and ther-

apeutic effect of omega-3 PUFAs in mood disorders [61].

Another cellular mechanism underlying the antidepressant

effects of omega-3 PUFAs is the biological regulation of

neurotransmitters and signal transduction. Changes in

omega-3 PUFA concentration in the brain, induced by chronic

deficiency in dietary omega-3 PUFAs, could increase serotonin

2 (5-HT2) and decrease dopamine 2 receptor density in the

frontal cortex [85]. Finally, EPA might be improving the

hypothalamicepituitaryeadrenal axis dysfunction through

the action of p-glycoprotein and multidrug resistance recep-

tors [86].

3.4. Safety and tolerability

Numerous clinical studies have shown that omega-3 PUFAs

are well tolerated by patients with chronic medical illnesses

and mental disorders [60,87]. Adverse reactions are rare; if

they occur, they usually involve belching, eructation, or

perhaps fishy taste [88]. It is theorized that the potential

antithrombotic effect of omega-3 PUFAsmay increase the risk

of bleeding. Clinical trials show high-dose omega-3 PUFAs

consumption as safe, even when concurrently administered

with other agents that increase bleeding, such as aspirin and

warfarin [87]. According to Harris’s [89] systematic review of

19 available clinical trials with n-3 PUFAs supplementation for

patients with high risk of bleeding (n ¼ 4397), the risk of

clinically significant bleeding is virtually nonexistent! Another

potential safety concern is the susceptibility of omega-3 fatty

acids to undergo oxidation, which may contribute to patient

intolerance and potential toxicity, yet conclusions are quite

inconsistent [90]. Adding antioxidant vitamin E to omega-3

PUFAs is a common way to reduce oxidation and rancidity,

maintain freshness, and increase shelf life. The concurrent

use of vitamin E with omega-3 PUFAs may also overcome the

potential risk of oxidative stress. Yet most published studies

show either unchanged or decreased oxidation [90]. Given

omega-3 PUFAs’ antidepressant effects, another possible
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adverse effect is drug-induced mania. Until now, only one

case report has shown omega-3 PUFAs inducing hypomania

[91]; a comprehensive assessment of manic symptoms in

patients receiving omega-3 PUFAs is recommended for future

clinical trials.

4. Conclusions

The inflammation theory of depression draws support from

several lines of evidence: for example, increasing inflamma-

tory biomarkers in clinical depression and observed behav-

ioral changes related to inflammatory activation. Interferon-

a-induced depression in chronic HCV cases is the most

notable clinical observation to support the inflammation

theory of depression and an excellent model to probe the

etiology of depression in a prospective manner. Chronic low-

grade inflammation links not only with psychiatric disorders

but also certain physical diseases. The inflammation theory

might thereby provide an interface between mind and body,

along with a promising path for developing new treatments.

Anti-inflammatory omega-3 PUFAs prove beneficial in

depression and several inflammation-related physical

diseases. Omega-3 PUFAs may particularly benefit children,

pregnant women, and/or patients with comorbid cardiovas-

cular or metabolic disorder, who face greater risks of adverse

effects from antidepressants, antipsychotics, and mood

stabilizers. The cost of omega-3 PUFAs is relatively modest as

compared tomany psychiatric treatments and other over-the-

counter natural products. Given the potential benefits and

safety, omega-3 PUFAs deserve greater attention and wider

application.
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a b s t r a c t

Obsessive compulsive disorder (OCD) is a prevalent and debilitating illness that often

follows a chronic course. Up to 40% of OCD patients received little or no benefit from

currently available pharmacotherapy or exposure-based behavior psychotherapy. Thus,

there is an urgent need to develop new strategies for the treatment of OCD. Although the

neurobiology and etiology of OCD are not completely understood, growing clinical and

preclinical evidence appears to support the abnormalities of glutamatergic neurotrans-

mission, including N-methyl-D-aspartate subtype receptor (NMDAR) function, in the

pathophysiology and treatment of OCD. This review summarizes the findings from neuro

imaging, candidate genes, animal models, and treatment studies in the context of gluta-

matergic dysregulation, with particular emphasis on the synaptic NMDAR function. The

converging evidence indicates the potential of glutamate-modulating agents in the

development of novel treatment for OCD.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Obsessive compulsive disorder (OCD) is characterized by

intrusive thoughts or images (obsessions) that increase

anxiety and by ritualistic behaviors (compulsions) that can

temporarily relieve such anxiety. OCD is a debilitating

psychiatric disorder estimated to affect 2%e3% of the world

population [1]. Unfortunately, only 40%e60% of patients with

OCD responded to currently available pharmacotherapy and

exposure-based psychotherapy, and a great proportion of

treatment responders remained markedly ill [2]. There is an

urgent need to develop novel strategies for OCD patients who

are inadequately responsive to currently available therapies.

Although clinical experience and research of OCD have

mostly focused on the serotoninergic and dopaminergic

systems (see refs [3e5]), convergent lines of evidence support
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an important role of the glutamatergic system in the patho-

physiology and treatment of OCD (see refs [6,7]]. In this

review, we will focus on recent finding on the N-methyl-D-

aspartate (NMDA) subtype receptor (NMDAR) function in OCD.

2. Clinical studies with glutamate-
modulating agents on the treatment of OCD

Preliminary case reports and small open trials showed that

resistant OC symptoms might benefit from adjunctive

nonselective glutamate antagonists such as riluzole [8e10],

topiramate [11], and lamotrigine [12,13]. In three case reports

and one small open-label trial, memantine, a weak uncom-

petitive NMDAR antagonist, proved to be efficacious as add-on

treatment to resistant OCD [14e17]. Extracellular glycine is an

obligatory coagonist with glutamate on the activation of

NMDAR [18]. Greenberg and colleagues [19] conducted the first

randomized trial using glycine as adjunctive treatment for

refractory OCD. There seemed to be a trend favoring glycine

treatment.

Following a new paradigm using D-cycloserine (DCS),

a partial agonist acting on NMDA glycine site, as “cognitive

enhancer” [20] to facilitate exposure therapy for anxiety

disorders [21,22], two trials on OCD found advantage of

adjunctive DCS over placebo [23,24], but another one did not

[25]. But the administration of DCS is intermittent, immedi-

ately before each exposure session.

3. Genetic, neuroimaging, and animal
studies on OCD

Genetic association studies of OCD have identified two

susceptibility genes, which are vital for glutamatergic neuro-

transmission: a glutamate transporter gene, SLC1A1 [26e29]

and the N-methyl-D-aspartate receptor [NMDAR) subunit 2B

gene, GRIN2B [30]. Functional neuroimaging studies for OCD

demonstrated metabolic disturbance in the frontal-

subcortical circuit (FSC) [31], where glutamatergic neuro-

transmission play the role as the principal input [32]. Two

recent transgenic animal models demonstrated phenotypical

compulsive behavior: SAPAP3 knockout mouse which

demonstrated striatum-specific alternation of NMDAR

subunit composition [33] and G72/G30, a presumed D-amino

acid oxidase (DAAO) activator [34], transgenemouse[35]; while

DAAO is the main degrading enzyme of D-serine, an allosteric

coactivator of NMDARs. Both of them were associated with

NMDA functional alternation.

It is suggested that OCD is a prefrontal cortex hyper-

glutamatergic condition [36]. Glutamate levels estimated by

magnetic resonant spectroscopy are significantly elevated

in the caudate of treatment-naive pediatric OCD patients

[37], but significantly reduced in anterior cingulated cortex

(ACC) in drug-naı̈ve pediatric OCD patients [38]. Cerebral

spinal fluid (CSF) glutamate levels are greatly elevated in OCD

patients than in normal controls [39]. NMDAR antagonists

such as (2R)-amino-5-phosphonovaleric acid, ketamine, and

phencyclidine caused pathologically increased glutamate

efflux in the hippocampus, prefrontal cortex, and possibly the

striatum [40e42], which was reversible with the use of either

NMDAR agonists such as glycine or nonspecific glutamate

inhibitors such as lamotrigine, in both animal and human

preclinical studies [43,44].

A NMDAR antagonist MK-801 exacerbated the repetitive

climbing and leaping behavior in a transgenic D1CT-7 mouse

model of comorbid Tourette syndrome (TS) and OCD [45].

Therefore, potentiation of NMDA function may correct the

OCD-like behaviors. However, memantine, amantadine, and

MK-801, but not a-amino-3-hydroxy-5-methyl-4-isoxazolepro-

pionic acid (AMPA) antagonist and riluzole, significantly

inhibited murine marble-burying behavior, a potential animal

model for OCD [46], suggesting both agonist and partial antag-

onist of NMDA receptors can improve the symptoms of OCD.

4. Focusing on modulation of NMDAR
functioning

Taken together, insufficient clinical data is available to

explain why both nonspecific glutamate inhibitors (or a weak

uncompetitive NMDAR antagonist) and NMDA agonist/partial

agonist as add-on treatmentmay benefit patients with OCD. A

nonspecific glutamate inhibitors (or a weak uncompetitive

NMDAR antagonist) and NMDA agonistsmay share a common

mechanism of reducing glutamatergic neurotransmission in

frontal regions and provide therapeutic efficacy for the

patientswith OCD [19,45].We postulate that enhancingNMDA

neurotransmission in FSC may be beneficial for OCD. Glycine

transporter-1 (GlyT-1) regulates and maintains subsaturating

concentrations of glycine at the glycine site of NMDARs

[47,48]. Blockade of glycine uptake by glial GlyT-1 could

increase the availability of synaptic glycine near NMDARs

[47,48] and potentiate NMDA excitatory postsynaptic potential

(EPSCs) [48].

N-methylglycine (sarcosine) is a potent endogenous

antagonist of GlyT-1 [47,49]. In an open-label [50], flexible-

dosing study to investigate the potential efficacy and safety

of sarcosine therapy in patients with OCD, we found that (a)

sarcosine treatment for 10 weeks significantly reduced the

Yale-Brown obsessive compulsive scores in patients with

OCD, especially thosewhowere drug naı̈ve, (b) five of the eight

final respondersmet criteria of responsewithin 2 to 4weeks of

sarcosine treatment, which is quicker than the onset of

therapeutic response with serotonin reuptake inhibitors, and

(c) the therapeutic effect occurs with doses lower than the

dose for the patients with schizophrenia at 2 g/day [51e53].

The study is limited in its open-label design, a relatively small

sample, and concurrent treatment with psychotropic medi-

cations in the add-on group. Despite these limitations, the low

dropout rate, significant improvement in Yale-Brown Obses-

sive Compulsive scale (Y-BOCS) scores, particularly the naı̈ve

group, and overall favorable tolerability suggest that sarcosine

may be of clinical benefit to the patients with OCD. The effi-

cacy of sarcosine adds to the literature implicating the NMDA

neurotransmission in the pathophysiology of OCD, while

GlyT-1 may be a novel therapeutic target for OCD treatment.

As yet, we do not know how GlyT-1 inhibitors or glycine

exert their therapeutic effects in OCD. What we have known

from clinical samples and animal studies were: The
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polymorphism of NR2B subunit gene GRIN2B has been

involved with OCD [30], and the SAPAP3 gene-deleted mouse

has the striatum NR2A/NR2B ratio decreased, the field EPSCs

significantly reduced, and exhibited OCD-related phenotype

[33].

In preclinical studies, distinct NMDA modulating agents

may have pharmacologically, regionally and temporally

differential effects in the FSC relevant to OCD, given that:

(1) The developmental and physiological properties of

NMDARs: NMDARs are composed of different subunits

(NR1, NR2AeD, and, in some cases, NR3A or NR3B) and

differentially expressed both regionally in the brain

[54e56] and temporally during development [57]. Alterna-

tive composition of the NMDAR channel results in func-

tional diversity of the channel [55,56,58].

(2) Differences in neuronal NMDAR properties are largely

attributed to the NR2 subunits. NMDARs containing the

NR2A subunit have the highest affinity for competitive

antagonists [59], while NMDARs containing the NR2B

subunit have greater affinity for agonists such as glycine

and D-serine [54,56,59,60]. It is the presence of the NR2A

subunit that allows increased glycine concentrations to

potentiate the NMDAR response [61].

(3) From an anatomical perspective, synaptic processing of

excitatory input is different in the ventromedial and dorso-

lateral striatum; either glycine or D-serine increased the

peak current of NMDAR mediated excitatory postsynaptic

currents selectively in dorsolateral striatum [59]. Interest-

ingly, electrophysiological experiments demonstrated that

glycine or another GlyT-1 inhibitor CP-802,079 exerted an

inverted-"U" dose-response profile for the synaptically

evoked NMDA currents in prefrontal cortex slices [48],

while ketamine has a dose-associated biphasic influence

on the outflow of glutamate in the prefrontal cortex [40].

Given the molecular, anatomical and physiology

complexities of NMDA function, the “direct” and “indirect”

pathways unbalanced hypothesis [38,62]may partially explain

the clinical and preclinical reports that both NMDA agonists

and some uncompetitive NMDA antagonists are efficacious

for OCD.

5. The relationship between serotonergic
and NMDA signaling

The cortico-raphe glutamatergic and raphe-cortical seroto-

nergic projections may form an excitatory-inhibitory loop by

which excitatory input signals are converted into inhibitory

output projecting back to cerebral cortex [64,65]. It is possible

that the therapeutic effect of SRIs or sarcosine for OCD may

converge on diminishing ventromedial basal ganglia activity

relative to that in the dorsolateral system, or reducing gluta-

matergic hyperactivities in the frontal cortex. Either SRIs or

NMDA agents alone may reach a therapeutic ceiling and

combination treatment can bring less improvement in the

drug-exposed group than the drug-naı̈ve group. This can be

understood provided that chronic administration of SRIs leads

to altered levels of mRNA encoding NMDAR subunits and

region-specific change of NMDAR function in CNS [65,66].

Besides, the effects of SRIs were different on lateral PFC

versus ventral frontal paralimbic serotonin regulation [67],

while serotonin may exert dual actions by stimulating

5-hydroxytryptophan (5-HT) 2A receptors on g-aminobutyric

acid (GABA)ergic interneurons and 5-HT1A receptors on gluta-

matergic neurons in the prefrontal cortex [63,64], thus indi-

rectly inhibiting the primary glutamatergic output to the

ventral striatum.

6. Conclusion and future perspectives

In recent years, converging lines of evidence implicate gluta-

matergic neurotransmission in the pathophysiology and

treatment of OCD. Glutamatergic signaling through NMDAR

had showed controversial effects in clinical and preclinical

studies. This may attribute to that the distinct NMDA modu-

lating agents may have pharmacologically, regionally, and

temporally differential effects in the frontal-striatal circuitry

relevant to OCD. The use of animal models for screening

NMDAR modulating agents, and combining genetic and neu-

roimaging studies in clinical patients may expand our

understanding of the neurobiology as well as novel treat-

ments for OCD.
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a b s t r a c t

In encephalopathic infants, cerebrospinal fluid hyperglycinemia and elevated cerebro-

spinal fluid to plasma glycine ratio are considered pathognomonic of nonketotic hyper-

glycinemia (NKH). We present a case of NKH complicated by neonatal intractable seizures.

Increased ratio of cerebrospinal fluid to plasma glycine concentrations of 0.28 was seen as

a strong diagnostic indicator of nonketotic hyperglycinemia. Evaluating sick neonates with

hypotonia, encephalopathy, and/or seizures is a diagnostic challenge. NKH should be

considered; elevated cerebrospinal fluid/plasma glycine ratio will allow correct identifica-

tion and treatment more often in the future.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.

1. Introduction

Glycine encephalopathy, also known as nonketotic hyper-

glycinemia (NKH), is an inborn error of glycine metabolism

caused by deficiency in the glycine cleavage system (GCS) [1]

and characterized by large quantities of glycine accumulated

inall body tissues, especially inserumandcerebrospinalfluids.

Most glycine encephalopathy cases occur during the neonatal

period. The neonatal form manifests in the first hours to days

of life with progressive lethargy, hypotonia, myoclonic jerks,

hiccups, and apnea, which often lead to coma or death [2].

Outcome is usually poor, with mortality up to 50% during the

first week of life [3]. Surviving infants have profound intellec-

tual disability and intractable seizures. Atypical forms include

milder disease, with onset from late infancy to adulthood,

which presents various neurological symptoms: seizure,

motor and/or cognitive impairments, aggressive behavior, and

impairedworkor school performance [2]. A rare transient form

has been described in which newborns have elevated cere-

brospinal fluid andplasmaglycine,which is biochemically and

clinically indistinguishable from the classic form. In the rare

form, glycine levels normalize over time without pharmaco-

logic intervention and often have few or no neurologic

sequelae[4]. We present a case of NKH neonatal intractable

seizures. Evaluating a sick neonate who presents with hypo-

tonia, encephalopathy, and seizures is a diagnostic challenge;

a high index of suspicion for timely diagnosis and treatment

could prevent severe complications.
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2. Case report

A two month-old girl was transferred to our hospital for eval-

uation and management of seizure. She was a full-term baby,

her parents not consanguineous, pregnancy uneventful, and

labor and vaginal delivery uncomplicated. Apgar scores at birth

were 9 at 1minute and 10 at 5minutes birth bodyweight 3116 g

(50the75th percentile), birth height 52 cm (75the90th percen-

tile), head circumference 33.5 cm (50the75th percentile).

Physical and neurologic examinations were normal except for

mild hypertonic muscle tone. Sudden onset of general

convulsions accompanied by increased heart rate and oxygen

desaturation appeared 3 hours after birth. Symptoms lasted

about 3 to 4 minutes. One day after birth, general convulsions

werenotedeveryhour. Seizure frequency increasedevenunder

antiepileptic drug (AED) treatment. Laboratory examination

showed that blood cell count, electrolyte, glucose, ammonia,

and lactatewere allwithin thenormal range. Brain echography

showed negative findings. Urine organic acid examination and

blood liquid chromatography-mass spectrometry were unre-

markable. The infant was transferred to the ward due to poor

seizure control. After admission to our intensive care unit, she

showed frequently paroxysmal general tonic postures, associ-

ated with oxygen desaturation and increased heart rate.

Seizure was aggravated by touching. Phenytoin and pheno-

barbitalwere given, but in vain. Sleep EEG revealedparoxysmal

sharp waves over both central areas. Video on long-term EEG

monitor proved seizure associated with epileptic form

discharges, particularly in the frontal region. Ictal recording

showedgeneral tonic seizurewith tachycardia, associatedwith

epileptic form spikes. Brainmagnetic resonance imaging (MRI)

showed no remarkable findings. Frequency and intensity of

seizures did not improve after pyridoxine challenge and

prescription ofmultiple AEDs. Under the impression of suspect

NKH due to intractable seizures, cerebrospinal fluid examina-

tion was performed. Amino acid analyses (MRM mode) of

glycine were as follows: CSF ¼ 51.9mM; plasma ¼ 183.0mM; and

CSF/plasma ratio¼ 0.28 (Fig. 1). Diagnosis of NKHwas strongly

suspected. Regimen of frequent feedings, together with AEDs,

including phenobarbital and clonazepam, sodium benzoate

and dextromethorphan were prescribed. Episodes of seizures

and apnea decreased, and the patient was followed-up at the

outpatient clinic. Unfortunately, the patient expired at home

when she was 5-month-old due to sudden onset of cardiac

arrest and apnea.

3. Discussion

In neonatal seizures, issues to consider include hypoxia-

ischemia insult, hemorrhage or intracranial infarction,

trauma, infection, cerebral malformations, neurocutaneous

syndromes, drugs or toxic agents, andmetabolic and idiopathic

disorders. In our case, the birth course was smooth. Brain

imaging study revealed no abnormal brain malformation or

hemorrhage, yet refractory epilepsy was noted, which led us to

survey for possible inborn errors. Inmanymetabolic disorders,

epilepsy may even dominate the clinical picture, especially in

newbornsand infants.Onemustalwaysconsider thepossibility

of inborn metabolic errors in neonates with unexplained and

refractory epilepsy [1,2]. This patient’smetabolic study showed

unremarkable urine organic acid examination and blood liquid

chromatography-mass spectrometry. Blood tests including

electrolytes, glucose, ammonia, and lactate were within the

normal range. Pyridoxine treatmentwas eventually ineffective,

suggesting that pyridoxine-dependent epilepsy was unlikely.

Therefore, further study of NKHwas enrolled.

NKH is an autosomal recessive metabolic disorder charac-

terized by glycine accumulating in the brain due to defective

GCS. Incidence of glycine encephalopathy in British Columbia

is 1:63,000 live births and 1:55,000 newborns in Finland [5].

Classically, NKH is associated with normal pregnancy and

birth, then neonatal apnea, lethargy, hypotonia, and seizures

occur, followed by severe psychomotor retardation in those

who survive. While the present case manifested mild hyper-

tonia, it may arise from severe encephalopathy. In the labora-

tory, NKH is characterized by elevated glycine concentrations

in plasma, CSF, and brain with a CSF glycine to plasma glycine

ratio greater than 0.08, which is diagnostic. A ratio of >0.04 is

suggestive but require further confirmation through enzy-

matic analysis of liver or mutation detection. In our case,

glycine CSF/plasma ratio is 0.28. Elevated cerebrospinal fluid

glycine is reported in infants with encephalopathy: e.g.,

hypoxic ischemic encephalopathy, congenital stroke, central

nervous system infection[3]. No perinatal insult or infection

appeared in this case.

Glycine is an inhibiting neurotransmitter in the spinal cord

and excitation modulator of N-methyl D-aspartate (NMDA)

receptors in the telecephalon and cerebellum [6]. The GCS

consists of four distinct (P, T, H, L) proteins. Over 80% of NKH

patients showdefects in theP-protein, ashighas 15%humanT-

protein defect, with H-protein deficiencies being rare [7e9].

NKHcanmanifestoneof four forms: classicneonatal, transient,

infantile, and late; differences lie in time of onset, severity of

Fig. 1 e Amino acid profile of cerebrospinal fluid.
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clinical presentation, and outcome [10,11]. The typical neonatal

form presents in the first few days after birth with progressive

lethargy, hypotonia, hiccups, and seizures, progresses to

central apnea, and often death. Surviving infants often have

profound developmental delay and intractable seizures. The

infantile form occurs in the first few months of life and is also

characterized by hypotonia, developmental delay, and

seizures. Increased CSF glycine level (typically 20e30 times

normal) alongwith elevated CSF/plasma glycine ratio, suggests

diagnosis. Gold standard for diagnosis is still liver biopsy, but

this is not feasible in many cases. A noninvasive [13] C-glycine

breath test and screening system for genomic deletion with

GLDC also help confirm diagnosis [12,13]. Genes known to

associatewithNKHareGLDC (encodingP-protein componentof

the GCS complex), AMT (encoding T-protein component), and

GCSH (encoding H-protein component) [12]. Molecular genetic

testing of all three genes is available on a clinical basis. Muta-

tions associatedwith residual enzymeactivity seemassociated

with a milder outcome and infantile presentation; two muta-

tionswith no residual enzyme activity seem linkedwith severe

outcome and neonatal onset [14,15]. Initial EEG typically shows

a burst-suppression pattern that evolves into hypsarrhythmia

or multifocal spikes over the next fewmonths.

MRI can shownormal, agenesis of the corpus callosum, delay

in myelination, vacuolation, gliosis, or, less frequently, retro-

cerebellar cysts with subsequent hydrocephalus [16e18]. Prior

reports revealed that hydrocephalus appears to predict poor

outcome [2,17]. A glycine peak on magnetic resonance spec-

troscopy (MRS) result is seen in the most severely affected

infants, carrying poor prognosis. MRS techniques may play

a key role in assessing adverse outcome in NKH. Identification

of NAA/Ins-Gly as an indicator of severity could be ultimately

applied tomonitor and predict evolution of NKH and fine-tune

existing and future treatments [18].

To date, no effective treatment exists for NKH. The stan-

dard treatment strategies for NKH include sodium benzoate

(to reduce plasma concentration of glycine) and NMDA

receptor antagonists (ketamine, dextromethorphan, felba-

mate, and topiramate) [19]. Both sodium benzoate and dex-

tromethorphan may improve alertness and decrease seizure

frequency if prescribed during the newborn period [2]. Others

focus on seizure control with AEDs. Among AEDs, valproate

should be avoided in glycine encephalopathy, since it raises

blood and CSF glycine concentrations by further inhibiting the

GCS and may increase seizure frequency [20]. Higher glycine

concentration would result in severe lethargy, seizures,

chorea (especially inmildly affected patients), and comap [21].

Other managements including gastrostomy tubation are used

for feeding problems and physical therapy can prevent several

complications. Surveillance developmental assessment is

vital throughout the first years of life; molecular genetic and/

or biochemical tests of at-risk symptomatic siblings are rec-

ommended to promote early diagnosis and treatment.
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