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Dear Officers of the State Medical Board of Ohio, 
 
I am writing to you in support of the proposal filed by my esteemed colleague and fellow 
Neurologist, Dr. Douglas Woo, to add Huntington Disease as a qualifying condition for medical 
marijuana in the state of Ohio. 
 
I am a Neurologist at the OhioHealth Physician Group, with subspecialty training in Movement 
Disorders, with training at the Johns Hopkins University School of Medicine, where I hold adjunct 
faculty (Asst. Professor) status with the Department of Neurology, Movement Disorders Division.   
 
As part of my training and subsequent practice, I have so far treated over 200 Huntington 
Disease patients with varying degrees of complexity. As you may know, this is a rare genetic 
disorder that is caused by the production of abnormal proteins in the nervous system due to 
faulty genetics.  The disease begins at a young age (mid to late teens, to 30s) and is characterized 
by severe neuropsychiatric and cognitive decline, incoordination, choreiform movements, and 
postural and gait ataxia.   
 
Currently there are no FDA approved curative treatments for Huntington disease.  Newer 
modalities of therapeutics (e.g., antisense oligonucleotides) aimed at silencing the gene, are still 
in the works.  Much of the current treatment is aimed at improving symptoms.  The most 
disabling of the symptoms are jerky movements of the limbs (chorea and dyskinesia), stiffness of 
movements (bradykinesia), and rigidity of limbs as well as incoordination of the body.   
 
The currently approved medications (tetrabenazine, valbenazine and deutetrabenazine) are 
targeted at dampening the jerky movements but they do not help the other symptoms.  In fact, 
they are known to cause worsening of the stiffness and rigidity due to their side effects.  These 
drugs are also exorbitantly expensive often causing patients to be priced out as they lose their 
jobs and become increasingly disabled. 
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Dr. Woo has assembled the currently available evidence supporting the action of medical 
marijuana in the brains of Huntington's disease patients.  Medical marijuana has been well-
known among the experts to help with jerky movements like tremors, chorea, and dyskinesias. 
There is considerable anecdotal evidence along this line, from other movement disorders like 
Parkinson disease. We believe that the action of marijuana in the endocannabinoid systems seen 
in the basal ganglia circuits may have a significant role in mediating the effects of medical 
marijuana in movement disorders patients, and by extension, Huntington disease 
patients.  Moreover, medical marijuana also seems to help with the wasting and cachexia that is 
invariably seen in Huntington's disease patients.  It is my opinion that there are enough reasons 
to support extending these benefits to Huntington disease patients as well, who have limited 
treatment options otherwise.  
 
I earnestly urge the committee to look into Dr. Woo’s appeal and decide favorably on this. Feel 
free to contact me with questions and concerns. 
 
Sincerely, 
 
 


 
 
 
SURAJ RAJAN, MSc, MD.  
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fDepartments of Psychiatry and Neurology, University of Iowa College of Medicine, Iowa City,
Iowa, United States

Abstract
Huntington disease (HD) is a neurodegenerative condition characterized by cognitive
impairments, motor abnormalities, and psychiatric disturbance. An increased risk for suicide has
been documented. The majority of HD research has focused on cognitive and motor features of
HD; the implications of psychiatric manifestations have received less consideration. Recent
studies have sought to identify the stages of HD in which patients are at increased risk to
experience suicidal ideation, though no study has examined possible risk factors for suicidality.
The current study examines the presence of psychiatric comorbidity and its involvement in
suicidal ideation. Suicidal ideation was examined in 1,941 HD patients enrolled in the Huntington
Study Group. Of those, 19% (N = 369) reported suicidal ideation. Logistic regression analyses
indicated that depression/anxiety and aggression/irritability are significant predictors of suicidal
ideation (p < 0.01). In a subsample with the greatest suicidal ideation, alcohol and drug abuse were
also predictive. Findings suggest that suicide in HD may be more distinct as compared to suicide
in the general population. It is recommended that all individuals with HD (specifically those with
features of depression, aggression, substance abuse) have routine suicide assessment; further
research is needed to understand the high rate of suicide in HD.

Keywords
neurodegenerative; genetic; suicide; psychiatry

1. Introduction
Huntington disease (HD) is an autosomal-dominant neurodegenerative disease characterized
by cognitive disturbance, motor abnormalities, and psychiatric symptoms. The prevalence of
HD is approximately 7–10 per 100,000 individuals (Harper, 1992). HD is caused by an
unstable CAG repeat expansion on chromosome 4p; symptoms occur when the expansion is
greater than 36 repeats (Harper, 1992). Huntingtin is a cytoplasmic protein expressed at high
levels in the striatal neurons vulnerable to degeneration in HD and at low or even
undetectable levels in the neurons resistant to degeneration (Ferrante et al., 1997). The
striatum, which is composed of the putamen and caudate, is the primary structure of the
basal ganglia that is affected by HD, although all areas of the brain have shown
deterioration.

While the majority of HD research has centered on motor and cognitive aspects of the
disorder, many studies have established that psychiatric features, such as personality
changes, affective disorder, or psychosis are also a significant component of HD (Beglinger
et al., 2008; Craufurd et al., 2001; Cummings, 1995; Duff et al., 2007; Paulsen et al., 2001;
Paulsen and Robinson, 2001; van Duijn et al., 2008). Psychiatric manifestations occur in
35% to 73% of patients with HD (see Cummings, 1995) for a review); extreme differences
are attributed to study design and assessment approaches. Some reports suggest that
psychiatric disturbances in HD are most associated with disability (Dewhurst et al., 1970;
Marder et al., 2000; Mayeux et al., 1986), and there is evidence that psychiatric
manifestations may predate motor signs by a decade (i.e., Berrios et al., 2001, Campodonico
et al., 1996, Folstein et al., 1983).

Suicide is one of the few potentially preventable causes of premature death in this disorder.
As such, improved understanding of risk factors for suicide in HD is worthy of renewed
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attention. Completed suicide in HD has been reported to be as high as 13% (Cummings,
1995), a seven to twelve fold increase above that of the general population’s suicide rate of
<1% (Farrer, 1986; Kessler et al., 2005). Among neurodegenerative disease, suicide rates in
Huntington disease remain the highest (Druss and Pincus, 2000; Harris and Barraclough,
1997). Farrer (Farrer, 1986) reported completed suicide rates in HD were 5.7% while 27.6%
of individuals with HD acknowledged at least one suicide attempt.

In community samples, approximately 90% individuals who complete suicide have a
diagnosable psychiatric disorder at the time of death, substance-use and affective disorders
being the most frequent (Bertolote et al., 2003; Cheng, 1995; Chioqueta and Stiles, 2003;
Conwell et al., 1996; Kessler et al., 1999; Preuss et al., 2002; Spalletta et al., 1996; Yen et
al., 2003). Other known risk factors for completed suicide include current substance abuse,
past suicide attempts, incarceration or arrest, access to suicidal means, family history of
suicide and current suicidal ideation (Druss and Pincus, 2000; Sher, 2006). Brezo et al.
(2006) recently suggested that personality features, such as hopelessness, neuroticism,
psychoticism, perfectionism, aggression, and irritability are associated with suicidality.
Further research is needed to clarify risk factors for suicidal ideation in HD and the unique
role psychiatric disorders may have in the development of suicidality in this disease.

The majority of research completed to date regarding suicide risk in HD has focused on its
relationship to genetic testing and the provision of presymptomatic test results (Almqvist et
al., 2003; Farrer, 1986; Robins Wahlin et al., 2000) with less emphasis on suicidal ideation
and risk over the course of the disease. In order to assess which HD patients are at increased
risk to commit suicide, it is first important to identify the specific population that may be at
highest risk to target counseling and additional precautions. Paulsen et al. (2005) sought to
identify which stages of HD were associated with increased rates of suicidal ideation. They
found that the most critical periods of risk are immediately before receiving a diagnosis of
Huntington disease and in Stage 2 of the disease, a time when initial, significant disability
(i.e., loss of employment) occurs.

To date there have been no identified studies that assess the relation between psychiatric
comorbidities and suicidal ideation in HD. It is likely that the diagnosis of HD is associated
with increased risk for suicidal ideation; however, it is unclear how psychiatric symptoms,
such as depression or substance abuse, may further contribute to increased risk for suicidal
ideation. Bertolote et al. (2003) suggest that a feasible suicide prevention strategy should
involve the assessment and treatment of psychiatric comorbidities. The current study
explores the relation between suicide ideation in patients with Huntington disease and
comorbid psychiatric symptoms. Identification of additional factors that are associated with
increased suicidal ideation may lead to possible areas of intervention to reduce completed
suicide in HD.

2. Methods
2.1 Procedure

Research participants were recruited as part of an ongoing multi-site study at 43 Huntington
Study Group (HSG) sites across North America, Australia, and Europe. Participants
completed the Unified Huntington Disease Rating Scale (UHDRS), a standardized measure
administered by trained professionals (Huntington Study Group, 1996). Current diagnosis of
HD was based upon findings obtained from the motor section of the UHDRS. Possible
diagnostic categories were 0 = normal examination, 1 = nonspecific motor abnormalities
(soft signs), 2 = abnormalities suggesting probable HD, 3 = indisputable motor
abnormalities that indicate definite HD.
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Data collected from each of the individual 43 study sites was combined at the University of
Rochester Clinical Trials Coordination Center, and data cleaning including creation of an
entirely anonymous database occurred at The University of Iowa. Data analyses for the
current research project were completed at The University of Iowa. Subjects (or parents/
guardians) gave their informed, voluntary, written consent after the procedures and possible
side-effects were fully explained. Institutional Review Board (IRB) approval was obtained
from Northwestern University and The University of Iowa.

2.2 Measure
The Unified Huntington Disease Rating Scale (UHDRS; Huntington Study Group, 1996) is
a standardized clinical rating scale that assesses four components of HD: motor, cognitive,
psychiatric, and functional. The psychiatric portion of the UHDRS was primarily used in the
current study. This section assesses the frequency and severity of 14 psychiatric symptoms
associated with HD, using a semi-structured interview. The following symptoms were
considered: sad mood, anxiety, suicidal thoughts, compulsive behavior, irritable behavior,
apathy, delusions, and hallucinations. For each symptom, a total score is obtained by
multiplying the severity score (rated from 0–4) by the frequency score (rated from 0–4),
which results in a minimum score of 0, maximum of 16 for each symptom. Marder and
colleagues (2000) completed a factor analysis of the UHDRS. This factor analysis yielded
five psychiatric factors: depression/anxiety, suicidal thoughts, aggressivity, obsessive/
compulsive behavior, and delusions. Hallucinations were grouped into four distinct factors
(audiovisual, tactile, gustatory, and olfactory). Only the audiovisual factor was used in the
current analyses as the remaining factors occurred in less than 2% of participants.

Suicidal ideation was measured on the psychiatric portion of the UHDRS and was scored in
terms of frequency and severity. Frequency scores were: 0 = almost never, 1 = seldom, 2 =
sometimes, 3 = frequently, 4 = almost always. Severity scores were measured similarly: 0 =
absent, 1 = slight, 2 = mild, 3 = moderate, 4 = severe. A total suicidal ideation score was
obtained by multiplying frequency by severity with ranges from 0–16. In addition to the
psychiatric symptoms as measured by the UHDRS, the total motor score and the total
cognitive score as well as present and past reports of alcohol, drug, and tobacco abuse were
analyzed.

2.3 Participants
The Huntington Study Group (HSG) collected data on over 4,000 patients with or at risk for
HD worldwide; 18% of those reported suicidal ideation (Paulsen et al., 2005). Because the
purpose of this study was to assess suicidal ideation in those with HD, only individuals with
a current HD diagnosis score of 2 (probable HD) or 3 (definite HD) on the UHDRS were
included in the current study. A total of 3,391 individuals in the database met these criteria.
Of the 3,391 individuals with probable or definite Huntington disease, complete data was
available for 1,941 individuals.

2.4 Statistical analysis
Suicidal ideation was assessed as a categorical variable due to the skewed nature of the
distribution. Suicidal ideation was scored as “present” or “absent” based on the suicide
severity and frequency item of the UHDRS. Any endorsement of suicidal ideation (i.e., any
scores greater than or equal to 1) was scored as “present.” This assessment of suicidal
ideation serves as the dependent measure in further analyses. Bivariate logistic regression
analysis was used to assess whether demographic (age, sex, years of education), motor
symptoms, cognitive impairment (Symbol Digit Modalities Test), and/or psychiatric
symptoms (UHDRS Depression/Anxiety, Aggression, Obsession/Compulsion factors as well
as alcohol, illicit drug, and tobacco use history) would predict the presence or absence of
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suicidal ideation. A p-value of 0.01 was considered to be statistically significant. All
statistical analyses were performed using SPSS for Windows.

3. Results
3.1 Participant Characteristics

Demographic characteristics are presented in Table 1. A total of 1,941 participants met
criteria for the current study. Participants were primarily Caucasian (95.4%) and were an
average of 47.29 years old. On average, participants had slightly more than a high school
education with an average duration of Huntington disease of 6.6 years (SD = 5.0).
Participants reported a significant history of seeking treatment for psychiatric disorders
including depression (48.2%), obsessive-compulsive disorder (8.1%), and psychosis (5.2%).
Nearly one-half of participants (40.3 percent) were currently prescribed anti-depressant
medication. A notable minority of participants reported a previous or current history of
alcohol or illicit drug abuse.

With regard to suicidality, greater than one-fourth of participants (26.5%) acknowledged a
history of suicidal ideation, while 9.5 percent reported a history of at least one suicide
attempt. Nineteen percent of participants (n = 369) endorsed current suicidal ideation.

3.2 Prediction of Suicidal Ideation
Bivariate logistic regression was used with presence or absence of suicidal ideation as the
dependent variable. The overall model was significant (χ = 377.12, df = 11, p < 0.01). None
of the demographic, motor, or cognitive variables were significant predictors of presence or
absence of suicidal ideation. However, higher UHDRS depression/anxiety (OR = 1.11, p <
0.01) and aggression (OR = 1.04, p < 0.01) factors were significant predictors of suicidal
ideation (See Table 2).

Because of the skewed nature of the distribution in those who endorsed suicidal ideation, a
second regression analysis was completed in order to determine if a unique set of variables
predicted more severe suicidal ideation. In this analysis those who did not endorse any
suicidal ideation (n = 1,572) were considered one group and individuals endorsing the top
25% of suicidal ideation severity were considered the suicidal group (n = 99). This model
was significant (χ = 271.923 df = 11, p < 0.01). Again, none of the demographic variables,
motor symptoms, or cognitive impairments were significant predictors of suicidal ideation.
As with the previous analysis, results showed increased depression (OR = 1.14, p < 0.01)
and aggression (OR = 1.05, p < 0.01) were significantly predictive of suicidal ideation. In
addition, a past or current history of alcohol abuse was a significant predictor of suicidal
ideation in this model (OR = .41, p < 0.01; see Tables 2 and 3).

4. Discussion
Suicidal ideation (26.5 percent) and self-reported history of suicide attempts (9.5 percent)
were high in the current sample of individuals with HD and consistent with the literature
(Cummings, 1995; Kessler et al., 2005). The rates of suicidal ideation and history of
attempted suicide in HD are significantly elevated compared with rates in the general
population. For instance, Kessler and colleagues (2005) reported that 3.3 percent of
individuals in the 2001–2003 National Comorbidity Survey Replication report current
suicidal ideation, and less than 1 percent of participants reported a history of a suicide
attempt.

Consistent with research in other populations (Chioqueta and Stiles, 2003; Turecki, 2005),
suicidal ideation in HD was associated with psychiatric symptoms including depression,
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anxiety, and aggression. More severe suicidal ideation was also associated with increased
rates of past and/or present alcohol abuse. In contrast to risk factors in other samples (Harris
and Barraclough, 1997), there was no association between obsessive compulsive symptoms
and suicidal ideation in the current study. While obsessive and compulsive symptoms are
not uncommon among individuals with HD (Anderson et al., 2001; Beglinger et al., 2007), it
is rare that individuals with HD meet criteria for a diagnosis of OCD.

While the current study showed significant relations between suicidal ideation and
psychiatric symptoms among individuals with HD, the effect sizes were relatively small.
This is in contrast to previous literature in both community samples and in individuals with
medical illnesses, which document strong associations between psychiatric symptoms,
particularly depression and suicidality. Since the relation between suicidality and psychiatric
symptoms is attenuated in individuals with HD, further research is needed to better
understand suicide risk in this disease. Components worthy of further study include
impulsivity, which is a well-known characteristic of HD, but not assessed in this study.
Given the interruption of frontal-subcortical circuitry in HD, it is possible that suicide in HD
may result from the inability to inhibit emotionally-driven behavior. In addition, it will be
important to consider the impact of other cognitive measures on the ideation and completion
of suicide in HD. The lack of association of suicidal ideation with advancing disease could
be due to cognitive decline or lack of insight.

Many individuals with HD have observed their parents and other family members
experience the progression of HD. It is unknown what impact an individual’s previous
experience with HD may have on suicidal ideation. Another possibility may be that an
interaction exists between disability (or perceived disability) and intent to harm oneself. This
possibility is supported by reports that suicide increases in the stages of HD where
significant functional decline is evident (i.e., loss of employment or driving; Paulsen et al.,
2005). However, data in the current study did not support a linear relationship between
advancing disease (i.e., increased motor symptoms and cognitive impairment) and increased
rates of suicidal ideation. Finally, suicidal ideation in HD may be associated with
consideration of so-called “rationale suicide” where persons with a terminal illness plan
cessation of life to cease perceived suffering. Although opposed by most legal, medical, and
religious communities, this issue received a great deal of attention in the past decade since
Dr. Kevorkian’s high-profile conviction of assisted suicides in terminal patients. The Oregon
legislature since enacted the Death with Dignity Act (DWDA), which allows physicians to
prescribe lethal medication to adults diagnosed with a terminal illness that will result in
death within six months. Although no known survey has queried patients with degenerative
disease on this debate, informal reports of dialogue among HD families has been reported.

Findings from this study are consistent with reports that suicide in HD is greater than those
reported in other neurodegenerative diseases (Druss and Pincus, 2000; Harris and
Barraclough, 1997). Druss and Pincus (2000) found that the presence of medical conditions
were associated with increased rates of suicidal ideation and suicide attempts even after
controlling for depression and alcohol use. Further, they argued that the simple presence of a
medical condition likely served as a proxy for associated factors such as increased disability
or chronic pain. Goodwin and Olfson (2002) observed that perception of poor health among
individuals with medical conditions was associated with increased levels of suicidal
ideation. It is hypothesized that increased disability and perception of poor health may be
viewed as reasons for feeling life may not be worth living (Druss and Pincus, 2000;
Goodwin and Olfson, 2002).

An important consideration in the current study is the fact that we assessed suicidal ideation
rather than completed suicide. Much of the literature assessing the relation between
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suicidality and psychiatric diagnoses looks at the presence of psychiatric diagnoses among
individuals who completed suicide. Bertolote and colleagues (2003), for example, reported
that approximately 90% of individuals who complete a suicide have a diagnosable
psychiatric condition at the time of death. If our participants were followed longitudinally, it
is possible that some portion will attempt and/or complete suicide. The presence of
psychiatric symptoms, such as depression or substance abuse, may prove useful in
identifying individuals who are at a particularly high risk for attempting or completing a
suicide. It is possible that different factors predict individuals with suicidal ideation and
those who follow through with attempting and completing suicide.

One important limitation of the current study is the limited measures of psychiatric
symptoms used in the current study, the UHDRS. It is possible that more fine grained, well
validated measures of psychiatric symptoms may have improved the ability to predict the
presence or absence of suicidal ideation. Similarly, it is likely that additional factors not
assessed in the current study may be useful predictors of suicidal ideation among individuals
with HD. Impulsivity, for example, was not measured in the current study, but it has been
observed to be predictive of individuals who attempt and complete suicide in other
populations (i.e., Zouk et al., 2006). This is an important area for future research in HD, as
impulsivity is commonly observed in HD due to disruption of frontal-subcortical circuitry.
Other potential constructs that may be useful in predicting suicidality in HD include
measures of family psychiatric and suicide history, incarceration, and social support.

There are obvious clinical implications of the current findings. First, we replicate and
punctuate previous reports of increased suicidality in HD. Health care professionals are
strongly encouraged to assess for suicidal ideation among all individuals with HD in the
form of direct questions or a self-report questionnaire. While individuals with comorbid
psychiatric symptoms may be at particularly high risk for suicidal ideation, the absence of
psychiatric symptoms does not indicate that there is a lack of suicidal ideation. As such, it is
important that screening for suicidal ideation occurs on a regular basis among individuals
with HD. If health care professionals do determine that suicidal ideation is present, steps
should be taken to refer individuals to the appropriate mental health professionals and to
ensure the individual’s safety.

Suicidality is frequent in HD and may herald a potentially preventable cause of premature
death in this disorder. Findings show that psychiatric symptoms including depression,
anxiety, aggression, and alcohol abuse are associated with increased rates of suicidal
ideation in Huntington disease. Further research is needed with comprehensive measures of
psychiatric disorders and longitudinal study designs to further clarify the role of psychiatric
comorbidity to suicidality in HD. Further study of this phenomena may lead to meaningful
interventions, at a time when new clinical trials and potentially meaningful therapies are on
the horizon.
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Table 1

Demographic Information

Mean (SD)
N= 1,941

Age 47.29 (12.35)

Education (years) 13.11 (2.91)

Duration of HD (years) 6.65 (4.98)

Sex (% female) 51.1%
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Table 2

Logistic Regression for Suicidal Ideation

OR 95% CI p-value

Sex 1.35 1.03–1.77 0.03

Education 0.99 0.95–1.04 0.79

Age 0.99 0.98–1.00 0.13

SDMT 1.00 1.00–1.01 0.54

Depression/Anxiety 1.11 1.10–1.13 <0.001

Aggression 1.04 1.02–1.06 <0.001

Obsession/Compulsion 0.99 0.96–1.01 0.26

Motor Total 1.01 1.00–1.025 0.22

Alcohol Abuse 0.69 0.49–0.96 0.03

Tobacco Abuse 0.90 0.68–1.18 0.44

Drug Abuse 0.99 0.65–1.50 0.96
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Table 3

Logistic Regression for Suicidal Ideation for those with Highest Suicidal Ideation Ratings

OR 95% CI p-value

Sex 1.03 0.61–1.74 0.91

Education 1.02 0.93–1.11 0.73

Age 0.99 0.96–1.01 0.19

SDMT 1.00 0.98–1.01 0.78

Depression/Anxiety 1.14 1.12–1.17 <0.001

Aggression 1.05 1.01–1.08 <0.001

Obsession/Compulsion 1.01 0.97–1.05 0.58

Motor Total 1.01 0.99–1.02 0.50

Alcohol Abuse 0.41 0.22–0.75 0.004

Tobacco Abuse 0.66 0.38–1.15 0.14

Drug Abuse 2.08 0.92–4.70 0.08
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Background: In Huntington's disease (HD) the risk of suicide is increased. Since suicidality
may precede suicide, this study investigates prevalence, clinical associations and predictors
of suicidality in HD.
Methods: Suicidality was investigated in 152mutation carriers and 56 non-carriers, and was con-
sidered present if the score on the item ‘suicidal ideation’ of the Problem Behaviours Assessment
(PBA) was >1 point. After 2 years, 100 mutation carriers who were free of suicidality at baseline
were re-assessed. Associations and predictors of suicidality were analyzed using multivariate
logistic regression analysis.
Results: Eleven (20%) pre-motor and 20 (20%) motor symptomatic mutation carriers were
considered suicidal compared to none of the non-carriers. Cross-sectionally, suicidal mutation
carriers were more likely to use antidepressants (odds ratio=5.3), were more often apathetic
(OR=2.8), more often had a depressed mood according to the PBA (OR=5.9), and were more
often diagnosed with a DSM-IV depression diagnosis (OR=4.7). Independent associations
were more frequent use of antidepressants (OR=4.0) and presence of a depressed mood
(OR=4.2). Longitudinally, depressed mood (OR=10.6) at baseline was the only independent
predictor of suicidality at follow-up.
Limitations: Selection bias might have occurred which could have affected the suicidality rate.
Conclusion: It is important to screen both pre-motor and motor symptomatic HD mutation
carriers for suicidality. The presence of a depressed mood is both associated with and predictive
of suicidality in HD and assessment of depressed mood can help to identify individuals with in-
creased risk for suicide.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Huntington's disease (HD) is a neurodegenerative, auto-
somal dominantly inherited disease (Walker, 2007). An ex-
panded CAG repeat on the short arm of chromosome 4
causes an expanded polyglutamin chain in the huntingtin
protein (Hoogeveen et al., 1993). Motor disorders, cognitive
decline and both behavioral problems and psychiatric dis-
orders are part of the clinical presentation of HD, with pro-
al Center, Departmen
en, The Netherlands

ers).

ll rights reserved.

ser (n/a) at OHIOHE
ther uses without per
t
.

ALTH 
mission
gression of symptoms over time. Some of these symptoms
can be treated but the disease cannot be cured.

Behavioral problems and psychiatric disorders are major
constituents of the clinical spectrum of HD (van Duijn et al.,
2007); many patients and their relatives consider these
problems to be the most distressing aspect of the disease
(Hamilton et al., 2003). An important clinical aspect of HD is
the increased risk of suicide, as was described by George
Huntington in 1872 (Huntington, 1872). Patients with HD
were shown to commit suicide four to eight times more often
than the general population (Farrer, 1986; Robins Wahlin
et al., 2000; Schoenfeld et al., 1984). A suicide rate of 5.7 sui-
cides per 100 deaths has been reported in HD (Farrer, 1986),
whereas the suicide rate in the general Dutch population is
from ClinicalKey.com by Elsevier on January 11, 2021.
. Copyright ©2021. Elsevier Inc. All rights reserved.
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about 1 suicide per 100 deaths (van Heeringen and Hengeveld,
2009). A study investigating suicidality over the previous thirty
days reported a relatively high rate of 19% in motor symptom-
atic HDmutation carriers (Wetzel et al., 2011), whereas the life
time prevalence of suicidality in a mixed population of both
pre-motor and motor symptomatic HD mutation carriers was
20% (Orth et al., 2010). In comparison, 11% of the general
Dutch population, aged 18 to 64 years, ever considered suicide
and 3% ever performed a suicide attempt (ten Have et al.,
2006). The increased rate of suicidality and suicide may
be related to the emotional distress of having an incurable
disease as well as the psychopathology that is common in HD.

In the HD population, sociodemographic and clinical char-
acteristics such as having no offspring (Baliko et al., 2004;
Lipe et al., 1993), being unemployed (Almqvist et al., 1999),
the presence of a depressed mood (Fiedorowicz et al., 2011;
Orth et al., 2010;Wetzel et al., 2011) and a psychiatric history
(Almqvist et al., 1999) were found to be of importance for
suicidality and suicide. However, most studies investigating
suicidality or suicide in HD were retrospective (Lipe et al.,
1993), or cross-sectional (Baliko et al., 2004; Orth et al.,
2010; Wetzel et al., 2011) or they focused on persons under-
going predictive testing for HD (Almqvist et al., 1999; Farrer,
1986; Robins Wahlin et al., 2000). The only prospective study
investigating suicidality in HD focused on suicidal behavior in
prodromal HD (Fiedorowicz et al., 2011). Some studies used
survey data obtained from family members (Di Maio et al.,
1993) or included a low number of participants (Lipe et al.,
1993). Also, several studies focused on completed suicide
(Baliko et al., 2004; Di Maio et al., 1993; Lipe et al., 1993),
rather than on suicidal thoughts and attempts, whereas sui-
cidal ideation may be of particular importance because it is
a strong risk factor for and antecedent of completed suicide
(Suominen et al., 2004; Wang and Mortensen, 2006).

The present study aimed to assess the prevalence of
suicidality, defined as the presence of suicidal ideation or sui-
cide attempt in the month preceding the interview, in HD
mutation carriers and a control group of non-carriers. Cross-
sectionally, we wanted to investigate possible sociodemo-
graphic and clinical characteristics associated with suicidality
and longitudinally we analyzed the possible baseline predic-
tors of suicidality at 2-year follow-up. We hypothesized that,
similar to the general population, suicidality in HD is linked
to psychopathology, in particular depression.

2. Method

2.1. Participants

Between May 2004 and August 2006, 343 potential partici-
pants at initial 50% risk of HD were contacted through the
departments of Neurology and Clinical Genetics of the Leiden
University Medical Center and a nursing home specialized in
the daily care of HD patients. Of these, 192 were willing and
able to participate in this study. In addition, 16 participants
were enrolled via the Dutch HD patients' association after
posting an announcement on the Internet site and in their quar-
terly. Finally, 152 mutation carriers (CAG repeat length≥36)
and 56 non-carriers were included in the cross-sectional
analysis. The design of this study has been described in detail
elsewhere (van Duijn et al., 2008).
Downloaded for Anonymous User (n/a) at OHIOHEALTH f
For personal use only. No other uses without permission.
Two years after their initial visit, all participants were
approached for a second measurement. Follow-up data from
mutation carriers who were free of suicidality at baseline
(n=121) were used in the longitudinal analyses. Of them,
21 (17.4%) dropped out due to a variety of reasons. One per-
son was deceased and one person was untraceable, whereas
eight were excluded because of inability to speak, too severe
symptomatology or other medical conditions. The remaining
11 persons refused to participate because they did not feel
like it, or due to private circumstances. This resulted in 100
eligible mutation carriers for follow-up assessment (Fig. 1).

This study was approved by the Medical Ethical Commit-
tee of the Leiden University Medical Center. Written in-
formed consent was obtained from all participants. Because
many institutionalized participants had cognitive deficien-
cies, special attention was paid to this important issue by
contacting their physicians and asking them to thoroughly
discuss study participation with these patients and their
family members, before giving consent.

3. Instruments

3.1. Assessment of suicidality

Suicidality was assessed using the validated Problem
Behaviours Assessment (PBA) (Craufurd et al., 2001). The
PBA is a semi-structured interview specifically designed for
patients with HD, assessing the frequency and severity of 36
common behavioral problems. The interrater reliability of
the PBA (Dutch translation) is 0.82 for severity scores and
0.73 for frequency scores (Kingma et al., 2008).

Severity and frequency of suicidality in the month pre-
ceding the interview were assessed with the item ‘suicidal
ideation’ of the PBA (question 8) (Fig. 2A). The total suicidal-
ity score is computed by multiplying the severity and fre-
quency scores of this item, resulting in total scores ranging
from 0 through 16. Based on clinical experience, a total (mul-
tiplied) suicidality score>1 point was used to characterize
suicidality (Fig. 2B), meaning that participants scoring a
total score of 1 on the ‘suicidal ideation’ item were not con-
sidered suicidal, since suicidal ideation is then ‘questionable
and seldom’ present according to the participant or inter-
viewer. When participants were very pessimistic with fleeting
suicidal thoughts, although ‘seldom’ (less than once a week),
they scored 2 points on the ‘suicidal ideation’ item. These par-
ticipants were categorized as being suicidal. The cut-off value
also implies that participants who were not actively suicidal
at the time of assessment, but ‘sometimes’ (at least once a
week) considered suicide as an option for a later date, were
categorized as being suicidal.

3.2. Sociodemographic and clinical characteristics

Information on sociodemographics and clinical character-
istics, and use of psychotropics was collected using a stan-
dardized interview.

Total Functioning Capacity (TFC) subscale of the Unified
Huntington's Disease Rating Scale (UHDRS) was used to assess
global functioning (Huntington Study Group, 1996). Scores
range from 0 through 13 points, with lower scores indicating-
poorer global functioning (Shoulson and Fahn, 1979).
rom ClinicalKey.com by Elsevier on January 11, 2021.
 Copyright ©2021. Elsevier Inc. All rights reserved.



Mutation carriers
(n = 152)

21 (17.4%) drop-out:
1 deceased
1 untraceable
3 inability to speak
3 too severe symptomatology
2 other medical conditions
7 did not feel like it
4 private circumstances

Suicidality at baseline

Non-Suicidal
n = 121 (80%)

Suicidal
n = 31 (20%)

Suicidality at follow-up

Mutation carriers
(n = 100)

Non-Suicidal
n = 93 (93%)

Suicidal
n = 7 (7%)

Fig. 1. Flowchart of drop-outs in the present study.
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Motor function was assessed by an experienced neurolo-
gist using the motor scale of the UHDRS (Huntington Study
Group, 1996). This scale includes the rating of 15 motor
symptoms on a scale from 0 (normal) through 4 (severe).
The total UHDRS motor score is the sum of these 15 individ-
ual items. Total scores range from 0 through 124 points,
with higher scores indicating worse motor functioning. The
diagnostic Confidence Level (CL) of this UHDRS motor scale
(Huntington Study Group, 1996) was used to define muta-
tion carriers as pre-motor symptomatic (CL score 0 or 1
point) or motor symptomatic (CL score 2 through 4 points).

3.3. Neuropsychiatric characteristics

Apathywas assessed using the Apathy Scale (AS) (Starkstein
et al., 1992). This semi-structured interview consists of 14
questions to determine the level of apathy, with scores ranging
from 0 through 3, with a maximum total score of 42 points. A
cutoff score≥14 points was used to indicate presence of apathy
(Kirsch-Darrow et al., 2006; Starkstein et al., 1992).

The item ‘depressed mood’ from the PBA (Craufurd et al.,
2001) was used to assess severity and frequency of a de-
pressed mood in the month preceding the interview, with
both severity and frequency scores ranging from 0 (normal/
never) through 4 (severe/always). Based on clinical experi-
ence, a total (multiplied) depressed mood score>1 point
was used to characterize the participant as having a de-
pressed mood, since a total score of 1 on the ‘depressed
mood’ item is scored when the presence of a depressed
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mood is questionable and seldom according to the partici-
pant or interviewer.

The Dutch translation of the computerized version of the
Composite International Diagnostic Interview (CIDI, Version
2.1) (World Health Organization, 1997) was used to assess
the presence of a psychiatric disorder according to the criteria
of the Diagnostic Statistical Manual (DSM) of mental disorders,
version IV (American Psychiatric Association, 2000). The CIDI
is a completely structured and standardized psychiatric diag-
nostic interview. The CIDI was not administered in participants
scoring b18 points on the Mini-Mental State Examination,
since the CIDI cannot be reliably administered to participants
with such severe cognitive dysfunction.

3.4. Cognitive characteristics

The Mini-Mental State Examination (MMSE) was used
to determine global cognitive functioning. The ExCogn was
used as a measure for executive cognitive function. This
composite variable was obtained by averaging the stan-
dardized z-scores of the cognitive subscales of the UHDRS
(Huntington Study Group, 1996), including the Verbal Fluency
Test (VFT) (Hodges, 2003), the Symbol Digit Modalities Test
(SDMT) (Smith, 1968) and the Stroop tests (Stroop, 1935).

4. Statistical analyses

Data are presented as n (%), mean (±SD) or median (inter-
quartile range, IQR) when appropriate. Sociodemographic and
m ClinicalKey.com by Elsevier on January 11, 2021.
opyright ©2021. Elsevier Inc. All rights reserved.
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Fig. 2. Suicidality in the study population. Box A shows the rating scale of suicidality according to item 8 of the Problem Behaviours Assessment, composed of
severity and frequency ratings. The total suicidality score is calculated as the severity rating multiplied by the frequency rating. Participants scoring >1 are
considered suicidal. Box B shows the frequency and severity suicidality scores of all 152 mutation carriers. The shaded area indicates the suicidal mutation carriers
(n=31; 20.4%). Box C shows the frequency of suicidality in the study population according to categories of non-carriers, pre-motor symptomatic (UHDRS motor
score confidence level≤1) and motor symptomatic mutation carriers (UHDRS motor score confidence level>1).
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clinical characteristics of HDmutation carriers and non-carriers
were compared by chi-squared tests for categorical data, t-tests
for independent samples with normal distributions, or non-
parametric Whitney-U tests for continuous variables without
normal distributions.

Suicidalmutation carrierswere comparedwith non-suicidal
mutation carriers using univariate logistic regression analysis.
Scores on the independent variables TFC, UHDRS-motor,
MMSE and ExCognwere dichotomized at themedian. The inde-
pendent cross-sectional associations of suicidality in HD were
determined by multiple forward logistic regression analysis.
Variables included in this analysis had a P-value≤0.10 in the
univariate logistic regression and we also adjusted for sex and
age (being forced into themodel). The overall use of psychotro-
pic medication was not included in the analysis because of
overlap with the use of antidepressants. The presence of a
formal DSM-IV diagnosis of depression according to the CIDI
was not included in the original models because the CIDI
could not be administered in 12 participants scoring b18 points
on the MMSE.

Non-suicidal mutation carriers at baseline who became
suicidal at follow-up, were compared with those mutation
carriers who did not become suicidal at follow-up using uni-
variate logistic regression analyses. Since only 7 mutation
carriers had incident suicidality at the 2-year follow-up that
resulted in low power, the multivariate cross-sectional
model was the only one tested using the longitudinal data
in which the significant associations of suicidality in the
cross-sectional model (use of antidepressants and presence
of a depressed mood according to the PBA) and sex and age
were entered. A P-valueb0.05 was considered statistically
significant. SPSS version 16.0 was used.
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5. Results

5.1. Mutation carriers versus non-carriers

Compared with the 56 non-carriers, the 152mutation car-
riers were significantly older and more often had a depressed
mood according to the PBA, although there was no significant
difference in the presence of a formal DSM-IV diagnosis of
depression. Mutation carriers also had worse cognitive scores
on all cognitive tests compared with non-carriers (data not
shown). Suicidality was only present in mutation carriers
(Fig. 2C).

5.2. Comparison of Huntington's disease mutation carriers with
and without suicidality

At baseline, 31 mutation carriers (20%) were considered
suicidal according to the PBA, whereas 121 mutation carriers
(80%) were not (Table 1, Fig. 2B, C). There was no significant
difference in the prevalence of suicidality between pre-motor
symptomatic (CL≤1) and motor symptomatic (CL≥2) muta-
tion carriers (Fig. 2C). Also, there was no significant differ-
ence in presence of suicidality between participants who
received their genetic test result in the year preceding the in-
terview and those who received their genetic test result more
than a year prior to the interview (data not shown).

Univariate analyses showed a significantly higher use of
psychotropics (specifically antidepressants) in suicidal muta-
tion carriers compared with non-suicidal mutation carriers.
Suicidal mutation carriers were more often apathetic, more
often had a depressed mood according to the PBA, and were
more often diagnosed with a formal DSM-IV diagnosis of
rom ClinicalKey.com by Elsevier on January 11, 2021.
 Copyright ©2021. Elsevier Inc. All rights reserved.



Table 1
Sociodemographic and clinical characteristics as associations of suicidality in Huntington's disease mutation carriers.a

Non-suicidal n=121 Suicidal n=31 ORb 95% CIb P-valueb

Sociodemographic characteristics
Male gender (n, %) 55 (46%) 14 (45%) 0.99 0.45–2.18 0.98
Age (years±SD) 47.9±11.5 47.2±13.2 1.00 0.96–1.03 0.79
Married or with partner (n, %) 89 (74%) 22 (71%) 0.88 0.37–2.11 0.77
Children (n, %) 95 (80%) 19 (68%) 0.53 0.22–1.33 0.18
Institutionalized (n, %) 10 (8%) 4 (13%) 1.64 0.48–5.65 0.43

Clinical characteristics
CAG repeats (number±SD) 44.1±3.2 43.9±2.9 0.98 0.86–1.11 0.70
Estimated duration of diseasec (years±SD) 2.6±11.4 1.5±13.5 0.99 0.96–1.03 0.64
TFC scored≤10.5 points (n, %) 57 (47%) 19 (61%) 1.78 0.79–3.98 0.16
UHDRS-motore≥15 points (n, %) 62 (51%) 16 (52%) 1.02 0.46–2.24 0.97
Pre-motor symptomatic disease stagef (n, %) 43 (36%) 11 (36%) 1.00 0.44–2.28 0.99
Use of psychotropic medication (n, %) 42 (35%) 20 (65%) 3.42 1.50–7.81 0.004
Use of antidepressants (n, %) 25 (21%) 18 (58%) 5.32 2.30–12.3 b0.001
Use of benzodiazepines (n, %) 25 (21%) 11 (36%) 2.11 0.90–4.98 0.09
Use of antipsychotics (n, %) 13 (11%) 5 (16%) 1.60 0.52–4.88 0.41

Neuropsychiatric characteristics
Apathy Scale scoreg≥14 points (n, %) 33 (27%) 16 (52%) 2.84 1.27–6.40 0.01
Depressed mood to PBAh score>1 point (n, %) 50 (41%) 25 (81%) 5.92 2.26–15.5 b0.001
Any psychiatric disorder to CIDIi (n, %) 13/113 (12%) 6/27 (22%) 2.20 0.75–6.44 0.15
Depressive disorder to CIDIi (n, %) 4/113 (4%) 4/27 (15%) 4.74 1.10–20.3 0.04

Cognitive characteristics
MMSEj score≤27 points (n, %) 63 (52%) 19 (61%) 1.46 0.65–3.26 0.36
ExCognk≤0.04 (n, %) 62 (51%) 14 (45%) 0.78 0.36–1.73 0.55

a Cross-sectional analysis using univariate logistic regression.
b Odds ratio, 95% CI and P-value by binary logistic regression.
c Estimated duration of disease is calculated by the estimated age of onset (calculated using the formula of Vassos et al., 2008) minus the current age. Estimated

duration of disease can be negative.
d TFC score: Total Functional Capacity score, scores ranging from 0 through 13 points; higher scores indicating better total functioning.
e UHDRS-motor: Unified Huntington's Disease Rating Scale motor section, scores ranging from 0 through 124 points; higher scores indicating more motor

disorders.
f Pre-motor symptomatic mutation carriers are defined as HD mutation carriers with a UHDRS confidence levelb1 point. HD mutation carriers with a UHDRS

confidence level>1 point are considered to be motor symptomatic.
g Apathy Scale score: scores ranging from 0 through 42 points; higher scores indicating more apathy.
h Depressed mood score of the Problem Behaviours Assessment (question 1), consisting of the severity and frequency score for depressed mood. Scores ranging

from 0 through 16 points.
i CIDI: Composite International Diagnostic Interview to assess the presence of a depressive disorder and a psychiatric disorder in the last month. Could not be

completed in 12 participants because of a MMSE scoreb18 points.
j MMSE score: Mini-Mental State Examination, scores ranging from 0 through 30 points; higher scores indicating better mental state.
k ExCogn: executive cognition; higher scores indicating better cognitive function.
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depression. There was no significant difference between the
two groups in cognitive functioning (Table 1).

Usingmultivariate analyses, the use of antidepressants (odds
ratio (OR)=3.96; 95% confidence interval (CI): 1.59–9.87) and
the presence of a depressed mood according to the PBA
(OR=4.17; 95% CI: 1.52–11.5) were independently associated
with suicidality (Table 2).

In addition, sensitivity analyses were conducted to eval-
uate the robustness of the model. All participants scoring 1
(non-suicidal) or 2 (suicidal) on the suicidality item were
excluded from the analysis. This sensitivity analysis confirmed
our findings with higher OR on the covariates, whereas the TFC
score (OR=2.88; 95% CI: 1.04–7.95) and use of benzodiaze-
pines (OR=3.14; 95% CI: 1.18–8.37) also showed a significant
difference between the suicidal and non-suicidal groups (data
not shown). In the multivariate model, the presence of a
depressed mood and use of antidepressants remained the
only independent associations of suicidality (data not shown).

Next, the DSM-IV diagnosis of depression was forced into
the cross-sectional multivariate model. The presence of a
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depressed mood and use of antidepressants remained the
independent associations of suicidality (data not shown).

Table 1 shows that 8 participants had a formal DSM-IV
diagnosis of depression (4 in the non-suicidal and 4 in the
suicidal group). After exclusion of these 8 participants, the
presence of a depressed mood according to the PBA and use
of antidepressants again remained the only independent
associations of suicidality (data not shown).

5.3. Predictors of suicidality at follow-up

Of the 121 participants free of suicidality at baseline
(all had a suicidality score of 0), 100 were available for re-
assessment after 2 years. The 21 drop-outs (17.4%) showed
no significant differences on any of the baseline variables
compared with the 100 participants that were followed up
(data not shown). Seven (7%) of these 100 participants
were suicidal at follow-up. Four of these 7 mutation carriers
scored ≥4 on the suicidality item at follow-up, indicating
moderate to severe suicidality. At baseline, these suicidal
m ClinicalKey.com by Elsevier on January 11, 2021.
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Table 2
Independent associations and predictors of suicidality in Huntington's disease mutation carriers.

Cross-sectional analysis (n=152)

Non-suicidal (n=121) Suicidal (n=31)

Baseline variable Reference Odds ratioa 95% CIa P-valuea

Male gender 1.00 0.82 0.34–1.99 0.66
Age 1.00 0.99 0.96–1.03 0.67
Use of antidepressants 1.00 3.96 1.59–9.87 0.003
Depressed moodb 1.00 4.17 1.52–11.5 0.006

Longitudinal analysis (n=100)

Non-suicidal at follow-up (n=93) Suicidal at follow-up (n=7)

Baseline variable Reference Odds ratioa 95% CIa P-valuea

Male gender 1.00 0.16 0.02–1.54 0.11
Age 1.00 1.01 0.94–1.09 0.71
Use of antidepressants 1.00 1.33 0.21–8.48 0.76
Depressed moodb 1.00 10.6 1.17–97.0 0.04

Covariate cross-sectional analysis (forward model): use of antidepressants, use of benzodiazepines, Apathy Scale score, and depressed mood according to the PBA.
Adjustment for sex and age.
Entered longitudinal analysis (enter model): sex, age, use of antidepressants, and depressed mood according to the PBA.

a Odds ratio, 95% CI and P-value by binary logistic regression.
b Depressed mood score of the Problem Behaviours Assessment (question 1), consisting of the severity and frequency score for depressed mood. Scores ranging

from 0 through 16 points.
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mutation carriers more often had a depressed mood according
to the PBA (OR=10.4; 95% CI: 1.20–90.2) and a formal DSM-IV
psychiatric diagnosis (OR=6.58; 95% CI: 1.27–34.2), although
not particularly of depression (data not shown). Assessment
of the CIDI at baseline was not possible in 5 of the 100 par-
ticipants that were followed up because of severe cognitive
impairment.

Using multivariate analysis in which sex, age, use of anti-
depressants and depressed mood were entered, depressed
mood (OR=10.6; 95% CI: 1.17–97.0) was the only significant
independent predictor of suicidality (Table 2).

6. Discussion

The results of this study confirm that suicidality frequently
occurred in this HD study group with a prevalence of 20% in
mutation carriers compared with 0% in non-carriers. No differ-
ence was found in suicidality rates between pre-motor symp-
tomatic and motor symptomatic mutation carriers. Cross-
sectionally, suicidal mutation carriers were more likely to be
depressed than non-suicidal mutation carriers, as shown by
the higher use of antidepressants, the higher prevalence of
apathy, possibly being a symptom of depression, the increased
prevalence of a depressed mood according to the PBA and a
more frequent formal DSM-IV diagnosis of depression. Longitu-
dinally, these results were confirmed since the presence of a
depressed mood was the only predictor of suicidality.

The prevalence of 20% suicidality among mutation carriers
as found in our study is in accordance with a recent multi-site
HD study reporting a suicidality month prevalence of 19%
among motor symptomatic HD carriers, while the suicidality
rate among pre-motor symptomatic mutation carriers was
not investigated (Wetzel et al., 2011). A large European cross-
sectional study (Registry) also reported a suicidality rate of
19.9% among pre-motor and motor symptomatic mutation
carriers (Orth et al., 2010). However, the Registry study
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reported lifetime prevalence of suicidal ideation or suicidal
attempts, assessed as present or absent, whereas our study fo-
cused on suicidality prevalence in the previous month,
assessed by a score ranging from 0 through 16. This lifetime
prevalence in the Registry study may be an underestimation
of the true suicidality rate in HD due to recall bias in that
study, and because the presence of suicidality was not investi-
gated in a detailed psychopathology interview but in a general
questionnaire on medical history.

Remarkably, both in pre-motor symptomatic and motor
symptomatic mutation carriers the baseline suicidality rate
was 20%. This is in line with previous studies that suggested
two critical periods of suicide risk in HD. This first critical
period for suicidality occurs when genetically at-risk individ-
uals are in the period immediately before diagnosis when
they start to experience symptoms of HD (Di Maio et al.,
1993; Paulsen et al., 2005; Schoenfeld et al., 1984), while
they only have non-specific neurological signs and not yet
unequivocal signs of HD (Paulsen et al., 2005). Suicidal pre-
motor symptomatic mutation carriers in our study popula-
tion belong to this first critical period of suicidality. A similar
suicidality rate was found among motor symptomatic muta-
tion carriers, who belonged to the second critical period
for suicide risk occurring when patients with unequivocal
motor symptoms of HD become more dependent on others
for daily activities, as assessed by the TFC (Paulsen et al.,
2005). In contrast to others (Paulsen et al., 2005), we found
no relationship between TFC and suicidality. Various phe-
nomena may contribute to the equal suicidality prevalence
in both pre-motor and motor symptomatic mutation carriers
in the present study. First, before motor symptoms even
appear, psychopathology (in particular depression) often
arises (Gargiulo et al., 2009; Kingma et al., 2008). This may
contribute to the relatively high prevalence of suicidality in
pre-motor symptomatic mutation carriers since the presence
of a depressed mood seems to be the most important
rom ClinicalKey.com by Elsevier on January 11, 2021.
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predictor of suicidality. Furthermore, the emotional distress
of having an incurable disease with a devastating course
might also contribute to the relatively high suicidality rate al-
ready in pre-motor symptomatic mutation carriers. More-
over, diminished support from and increased mortality rates
among affected family members could also lead to complicat-
ed grief, depression and suicidality.

The most important correlate and predictor of suicidality
in HD mutation carriers was the presence of a depressed
mood according to the PBA, despite that not all these partici-
pants had a formal DSM-IV diagnosis of depression. Cross-
sectionally, an association between a depression subscale and
suicidality was found in the Registry study and the multi-site
HD study, whereas in these studies motor and cognitive
subscores of the UHDRS were not associated with suicidality
(Orth et al., 2010; Wetzel et al., 2011). Longitudinally, de-
pressed mood was found to be predictive of suicidal attempts
and completed suicide in prodromal HD (Fiedorowicz et al.,
2011). Both our cross-sectional and longitudinal findings are
in line with these latter results.

Besides having a depressed mood, suicidal mutation car-
riers were cross-sectionally more likely to use antidepres-
sants. The percentage of participants using antidepressants
wasmuch higher than the percentage of participants officially
diagnosed with a DSM-IV diagnosis of depression. However,
antidepressants may already be prescribed before a patient
meets the official criteria of a DSM-IV diagnosis of depression,
or because of a depression in remission. Furthermore, in HD
antidepressants are also prescribed for anxiety and irritability
(van Duijn et al., 2007). Since use of antidepressants was only
associated with suicidality in the cross-sectional analysis, it is
unlikely that the use of antidepressants causes suicidality.

The strengths of this study are the combination of cross-
sectional and longitudinal analyses, the use of a comparison
group (consisting of first-degree non-carriers at risk for HD),
and the use of specific and validated measurement tools in a
standardized interview.

Some limitations also warrant discussion. First, the study
population available for follow-up was relatively small since
HD is a rare disease; the use of larger databases will improve
reliability. Despite the relatively small number of participants,
all analyses consistently indicated a strong relationship of sui-
cidality with depressed mood. Further, many of the variables
included in this study were dichotomized because of their
skewed distributions, which adversely affected the statistical
power. Third, variables previously found to be associated
with suicidality in HD, like pessimism, hopelessness (Robins
Wahlin et al., 2000), aggression (Wetzel et al., 2011), unem-
ployment (Almqvist et al., 1999) and a history of suicide
attempt (Fiedorowicz et al., 2011), were not included in our
analyses. Finally, selection bias might have occurred since
suicidal and/or depressed participants might have been
more likely to refuse participation, which may have caused
an underestimation of the true suicidality rate in HD.

Given the elevated suicidality prevalence in the HD popu-
lation, it is important to regularly screen both pre-motor and
motor symptomatic HD mutation carriers for suicidal idea-
tion during clinical assessment. We found that the presence
of a depressed mood was the main risk factor for suicidality
in HD. Assessment of suicidal ideation is a priority in those
with a depressed mood, and strategies of support and
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treatment should certainly be available for this subgroup of
patients.
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Abstract

Objective:

This study quantified the direct healthcare costs and major cost drivers among patients with Huntington’s

disease (HD), by disease stage in commercial and Medicaid databases.

Methods:

This retrospective database analysis used healthcare utilization/cost data for HD patients (ICD-9-CM 333.4)

from Thomson Reuters’ MarketScan Commercial and Medicaid 2002–2009 databases. Patients were

classified by disease stage (Early/Middle/Late) by a hierarchical assessment of markers of disease

severity, confirmed by literature review and key opinion leader input. Costs were measured over the

follow-up time of each patient with total costs per patient per stage annualized using a patient-year cost

approach.

Results:

Among 1272 HD patients, the mean age was similar in commercial (752 patients) and Medicaid (520

patients) populations (48.5 years (SD¼ 13.3) and 49.3 years (SD¼ 17.2), respectively). Commercial

patients were evenly distributed by stage (30.5%/35.5%/34.0%; Early/Middle/Late). However, most

(74.0%) Medicaid HD patients were classified as Late stage. The mean total annualized cost per patient

increased by stage (commercial: $4947 (SD¼ $6040)–$22,582 (SD¼ $39,028); Medicaid: $3257

(SD¼ $5670)–$37,495 (SD¼ $27,111). Outpatient costs were the primary healthcare cost component.

The vast majority (73.8%) of Medicaid Late stage patients received nursing home care and the majority

(54.6%) of Medicaid Late stage costs were associated with nursing home care. In comparison, only 40.6%

of commercial Late stage patients received nursing home care, which contributed to only 4.6% of

commercial Late stage costs.

Conclusions:

The annual direct economic burden of HD is substantial and increased with disease progression. More late

stage Medicaid HD patients were in nursing homes and for a longer time than their commercial

counterparts, reflected by their higher costs (suggesting greater disease severity). Key limitations include

the classification of patients into a single stage, as well as a lack of visibility into full long-term care/nursing

home-related costs for commercial patients.

Introduction

Huntington’s disease (HD) is a rare, autosomal dominant, neurodegenerative
disorder caused by an expanded CAG trinucleotide repeat in the huntingtin
(HTT) gene, with an estimated prevalence of 7 per 100,000 in the Western
Hemisphere1,2. Early symptoms of HD include cognitive and behavioral alter-
ations and psychiatric disturbances3. Formal clinical diagnosis currently relies
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upon significant motor dysfunction and confirmation
through genetic testing4. HD is marked by adult onset,
with a mean age of onset between 30–50 years and with
a mean duration of disease between 17–20 years; however,
age of onset and rate of disease progression are variable
from person to person5–7.

To date there are no disease-modifying therapies that
can slow the progression of HD, although some therapeutic
approaches (such as movement-suppressing drugs, anti-
depressants, and physical therapy) may ameliorate symp-
toms. However, HD inexorably causes significant
progressive motor, cognitive, and psychiatric impairment,
decreasing an individual’s independence and the ability to
carry out activities of daily living, with long-term nursing
home care a potential necessary option6,8.

HD has a substantial economic impact on patients, care-
givers, and the healthcare system; however, this impact has
not been quantified. Very few studies have assessed the cost
of care for HD, and none have attempted to evaluate how
costs vary with disease progression. The few studies that
have assessed costs have done so via a survey of either
patients with HD or other neurological disease, or their
caregivers, while only one study has assessed direct costs,
limited to HD hospitalizations9–11. No studies have
assessed the comprehensive and direct medical costs of
HD. Given the paucity of relevant economic data, there
is a need for a study, based on a representative sample of the
United States (US) population, to assess the current costs
of comprehensive HD direct medical care.

Our study sought to quantify the direct economic
burden of manifest HD and identify major cost drivers
among HD patients, overall and by disease stage, utilizing
both commercial and Medicaid claims databases. Given
the lack of general knowledge of the direct costs of HD
or the association between direct costs and HD disease
progression, our study sought to investigate how costs
vary by disease stage, with the intent of highlighting the
economic consequences of HD and disease progression and
raising awareness of the unmet treatment needs in HD and
the importance of further research.

Patients and methods

Data source

Data were obtained from the MarketScan� Medicaid and
Commercial Databases (now Truven Health Analytics)12.
Both databases were chosen due to the payer mix of HD
patients; patients most commonly transition from com-
mercial insurance to Medicaid once they lose employment
and/or spend down (i.e., patients have too much income to
qualify for Medicaid and spend their excess income in
order to qualify) when they require funding for long-term
care. However, there is a 2 year waiting period for

Medicaid for HD patients, following the determination
of HD disability; therefore, Medicaid-eligible patients
may have substantially worse disease progression when
compared with/to commercial-insurance patients. The
MarketScan Commercial Database contains information
on employees and their dependents from the private
health insurance plans of over 100 employer-sponsored
and private health plans throughout the US. The Multi-
State Medicaid database contains claims data from 9–12
unidentified states (depending upon the year). These data-
bases provide fully integrated, adjudicated, de-identified,
patient-level healthcare claims data, reflecting real-world
treatment patterns and costs. They provide information
from inpatient and outpatient settings, and prescription
drug claims, allowing for longitudinal tracking of health-
care utilization and costs of enrolled individuals. Complete
payment information, both what the plan and patient paid,
are captured.

Sample selection

Claims from the time period 2002–2009 were assessed to
identify HD patients. Patients were selected based upon
having a claim with at least one ICD-9-CM diagnosis code
of 333.4 (Huntington’s chorea)13.

Stage cohorts
HD disease progression post-diagnosis is traditionally
divided into five stages based upon clinical assessment
using the Total Functional Capacity (TFC) scale which
measures functioning in five areas: occupation, finances,
domestic chores, activities of daily living, and level of
care5. As a patient progresses through the stages, their
ability and independence in these areas decline. Since
the claims data do not allow for the identification of
these traditional five stages, we identified claims to be
used as ‘disease markers’ (either diagnoses or services
received; see Table 1) to distinguish between the stages
of disease progression. We developed an algorithm based
upon these disease markers to assign disease stages and
categorize clinically diagnosed HD patients into Early,
Middle and Late stages of HD. There can be great variabil-
ity in clinical characteristics at each stage by patient; we

Table 1. Disease markers of Huntington’s disease stage.

Late stage disease markers Middle stage disease markers

Nursing home Home assistance
Feeding tube Physical therapy
Incontinence Dementia
Bedsore (e.g., Pressure Ulcer

or Decubitus Ulcer)
Gait disorder

Hospice care Dysarthria
Falls (evidence of two or more

falls within 1 month)
Speech therapy

Dysphagia/swallowing Falls
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attempted to identify the defining characteristics of these
stages. The algorithm and markers were validated based
upon a review of the clinical literature, an exploratory
analysis of the data, and key opinion leader (KOL) clinical
input (authors Dr Anderson and Dr Langbehn).

We followed a hierarchical assessment in which we first
identified patients in Late stage due to the presence of any
Late stage marker. Late stage patients have multiple and
severe clinical characteristics, such as residence in a nur-
sing home or use of a feeding tube. We then worked back-
wards and, for patients with no markers of Late stage, we
identified those in Middle stage based upon the presence of
any Middle stage marker. Middle stage patients also have a
number of definitive clinical characteristics such as the use
of physical therapy or home assistance. All remaining
patients were classified as Early stage based on the absence
of Late or Middle stage markers. Due to the progressive
nature of HD in which patients transition between stages
slowly over a gradual period of time, we did not attempt to
identify patients who transitioned between stages, or to
separate their observed time into their respective stages.

Enrollment requirements
The first observed HD claim was termed the index date. A
180-day pre-index period was imposed prior to the index
HD claim for patients classified as Early stage, to ensure a
long enough period of continuous enrollment without any
identified Middle or Late stage markers. No pre-index
period was imposed for Middle or Late stage patients. For
all stages, we imposed a minimum of 6 months continuous
enrollment post-index, in order to maximize patient
sample size, as well as to add confidence to our annualized
cost calculations (described below).

Analyses

For the commercial and Medicaid populations, patients
were characterized by demographic characteristics, as
well as cumulative time enrolled in the database, overall
and by stage. HD-related comorbidities were identified
based on the presence of associated ICD-9-CM diagnosis
codes. Healthcare costs were classified by type of service
(inpatient, outpatient, or pharmacy). Outpatient care was
further sub-divided by service type (ancillary, ER visits,
radiology, physical therapy, GP, etc.). Additionally, char-
acteristics and costs of long-term care/nursing home util-
ization were assessed. However, long-term care/nursing
home care (inclusive of room and board, medical services
received, etc.) is not able to be stratified by mutually exclu-
sive cost groups (i.e., inpatient, outpatient, or pharmacy)
as a function of the databases. Costs were calculated as the
amounts paid by primary and secondary insurers and by
patients (i.e., copayments and deductibles), and updated
to 2011 values using the Medical Component of the

CPI Index14. All dollar figures represent US dollars
(USD), denoted as $. Costs were evaluated on a per
cohort member basis, as has been done in other burden
of illness studies in comparable diseases15. Thus, the
denominator includes all patients in a cohort whether
they experienced utilization in a service category or not
(for example, a patient who had no inpatient stays would
contribute a cost of $0 for inpatient stay costs).

The average annual cost per patient was calculated.
Each patient’s cost was measured over the time enrolled
and then allocated to their assigned stage. Total costs per
patient, by stage, were annualized using a patient-year cost
approach; time less than or greater than 1 year was
weighted accordingly to provide an average cost per year.
For example, for a patient with 9 months of continuous
enrollment post-index, his/her costs would be multiplied
by 4/3 to arrive at annualized costs, while a patient with 1
year and 8 months would have his/her costs multiplied by
3/5 to arrive at annualized costs. Costs were reported
descriptively for the overall population and by stage, for
both the commercial and Medicaid databases. Because
HD-related morbidity increases with disease progression,
no attempts were made to control for baseline character-
istics. Statistical analyses were not conducted between
Medicaid and commercial patients, nor internally between
stages within a plan, given the separate databases and
inherent differences between commercial and Medicaid
insurance.

All analyses were conducted using SAS� Release 9.2
(SAS Institute Inc., Cary, NC).

Results

Study sample

A total of 1272 patients (752 from the commercial and 520
from the Medicaid MarketScan 2002–2009 databases)
were identified (see Table 2) based upon an ICD-9-CM
diagnosis code of 333.4 (Huntington’s chorea) and who
met the other enrollment requirements. Overall, there
was a similar mean age in the commercial and Medicaid
populations (48.5 years (SD¼ 13.3) and 49.3 years
(SD¼ 17.2), respectively). The majority of patients in
both populations were female, with a slightly higher
female representation among Medicaid patients (60.8%
vs 54.1%). There was a fairly even distribution of patients
by disease stage in the commercial population (30.5% clas-
sified as Early stage, 35.5% Middle stage, and 34.0% Late
stage). In the Medicaid population, the vast majority
(74.0%) was classified as Late stage. This is likely a func-
tion of the Medicaid insurance system, whereby patients
with advanced disease only become eligible for Medicaid
after exhausting all other resources and following a 2 year
waiting period for the determination of disability.
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Additionally, more Medicaid Late stage patients were
65 years of age or older compared to commercial Late
stage patients (21.3% vs 1.2%), further suggesting the
greater disease progression among Medicaid patients.

Some demographic variables are only available for
one population. For the commercial population, half
of patients (49.9%) were the employee who was the pri-
mary insurance holder, while 42.4% were the spouse.
Among Medicaid patients, the vast majority were White
(77.1%) and 17.5% were Black.

Overall, the prevalence of HD-related comorbidity
was higher in the Medicaid population, which also
had a greater proportion of Late stage patients (see
Table 2). HD-related psychiatric comorbidity was
high in both populations and depression and anxiety
were the most prevalent comorbidities (37.4% and
21.1% in the commercial population, and 46.3% and
25.6% in the Medicaid population, respectively). The
prevalence of many HD-related comorbidities increased
by stage in both populations, including depression and
confusion.

Inpatient admissions

For inpatient admissions, the mean total annualized cost
per patient increased greatly from Early to Late stage, ran-
ging from $754 (SD¼ $2452) to $9218 (SD¼ $29,701) in
the commercial population and $1229 (SD¼ $5173) to
$4830 (SD¼ $10,006) in the Medicaid population (see
Table 3). Mean total costs more than doubled between
Middle and Late stages. Costs were almost twice as high
for Late stage commercial patients than for their Medicaid
counterparts.

Outpatient services

For outpatient services, the mean total annualized cost per
patient increased from Early to Late stage, and in the com-
mercial population ranged from $2268 (SD¼ $2487) to
$9365 (SD¼ $14,423), and in the Medicaid population
ranged from $1168 (SD¼ $2139) to $29,572
(SD¼ $24,452) (see Table 3). Outpatient costs more
than tripled between Middle and Late stages for

Table 2. Demographic and clinical characteristics by stage for the commercial and Medicaid Huntington’s disease population, overall and by stage.

Characteristic Commercial Medicaid

Overall Early Middle Late Overall Early Middle Late
(n¼ 752) (n¼ 229) (n¼ 267) (n¼ 256) (n¼ 520) (n¼ 38) (n¼ 97) (n¼ 385)

Index age (years) (%)
Under 18 4.8 4.4 6.4 3.5 4.2 13.2 8.2 2.3
18–34 8.5 13.5 6.0 6.6 12.7 31.6 18.6 9.4
35–54 46.7 47.2 47.2 45.7 48.1 47.4 48.5 48.1
55–64 39.5 34.9 40.1 43.0 17.5 7.9 15.5 19.0
65þ 0.5 0.0 0.4 1.2 17.5 0.0 9.3 21.3
Mean 48.5 46.5 48.4 50.3 49.3 36.8 42.9 52.1
SD 13.3 13.5 14.1 12.1 17.2 14.4 16.8 16.5
Median 53 50 52 53 49 39 44 51

Gender (%)
Male 45.9 49.8 46.1 42.2 39.2 50.0 39.2 38.2
Female 54.1 50.2 53.9 57.8 60.8 50.0 60.8 61.8

Region (%)*
Northeast 10.5 10.5 10.9 10.2 N/A N/A N/A N/A
North Central 37.6 29.7 37.5 44.9 N/A N/A N/A N/A
South 36.3 40.2 33.7 35.5 N/A N/A N/A N/A
West 15.6 19.7 18.0 9.4 N/A N/A N/A N/A

Continuous enrollment period (days)
Mean 1520.7 1464.1 1518.2 1574.0 1784.2 1570.9 1804.9 1800.1
SD 767.3 698.7 768.9 821.5 768.1 789.5 784.5 760.6
Median 1461 1339 1461 1461 1826 1675 1826 1826

HD-related comorbidities (%)
Anxiety 21.1 18.3 21.3 23.4 25.6 23.7 30.9 24.4
Depression 37.4 28.8 38.6 43.8 46.3 39.5 44.3 47.5
Diabetes 11.7 7.9 11.2 15.6 16.9 7.9 15.5 18.2
Confusion 9.8 2.6 8.2 18.0 20.8 2.6 14.4 24.2
Suicidal ideation 3.7 3.1 3.0 5.1 10.0 5.3 8.2 10.9
Osteoarthritis 13.0 6.1 19.5 12.5 20.8 7.9 20.6 22.1
Weight loss 5.7 3.5 5.2 8.2 19.6 0.0 10.3 23.9
Psychosis/Schizophrenia/Bipolar 10.1 7.0 10.1 12.9 21.3 10.5 15.5 23.9
Aggression/Conduct Disorder/

ADD-ADHD
4.4 0.9 4.5 7.4 14.2 10.5 9.3 15.8

Insomnia 7.6 4.4 12.0 5.9 10.0 5.3 12.4 9.9

*This variable is only available for the commercial population.
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Medicaid patients. Among Late stage patients, costs for
Medicaid patients were 3-times the costs of commercial
patients. The bulk of outpatient costs came from ancillary
services (diagnostic or treatment-related procedures).
Ancillary costs represented a higher proportion of out-
patient costs for the Medicaid population than the com-
mercial population and increased from Early to Late stage
(66.1% to 96.6% vs 48.5% to 69.5%, respectively).

Pharmacy

The mean total annualized pharmacy cost per patient
increased from Early to Late stage and ranged from
$1925 (SD¼ $3803) to $3999 (SD¼ $5739) in the com-
mercial population and $860 (SD¼ $1149) to $3094
(SD¼ $3338) in the Medicaid population (see Table 3).
Pharmacy costs approximately doubled between Early and
Middle stage. For all stages, pharmacy costs were higher for
the commercial population than for their Medicaid
counterparts.

Overall

Overall, the mean total annualized cost per patient
increased from Early to Late stage and ranged from
$4947 (SD¼ $6040) to $22,582 (SD¼ $39,028) in the
commercial population, and $3257 (SD¼ $5670) to
$37,495 (SD¼ $27,111) in the Medicaid population (see
Table 3). Costs more than tripled between Early and
Middle stage for both the commercial and Medicaid popu-
lations. Between Middle and Late stage, costs increased by
�50% in the commercial population, whereas costs more
than tripled in the Medicaid population. Outpatient ser-
vices were the primary component of total costs for com-
mercial patients, ranging from 42–48% (see Figure 1).
Among Medicaid patients, inpatient admissions were the
primary cost component for Early stage (37.7%; however
the sample size of 38 patients was limited), while the vast
majority of Middle and Late stage costs were attributed to
outpatient services (66.4% and 78.9%, respectively).

Long-term care/nursing home

Long-term care/nursing home costs for Late stage patients
in both the commercial and Medicaid populations (see
Table 3) are not exclusive of the cost service types above
(e.g., a patient receiving physical therapy in a nursing
home would have a physical therapy outpatient claim asso-
ciated with nursing home care). Almost twice as many
Medicaid Late stage patients had at least one claim for
long-term care/nursing home compared to their commer-
cial counterparts (73.8% vs 40.6%, respectively) and spent
twice as much time there (1213.8 days (SD¼ 1142) vs
528.5 days (SD¼ 617.7), respectively). This is reflected
in the mean total annualized cost per patient for
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Medicaid patients, which was 20-times higher than for
commercial patients ($20,455 (SD¼ $21,501) vs $1039
(SD¼ $3611), respectively). Long-term care/nursing
home costs were associated with more than half (54.6%)
of total Late stage Medicaid costs, but only 4.6% of Late
stage commercial costs. However, it is likely that, for com-
mercial patients, we lack visibility into receipt of long-
term care/nursing home care, as commercial insurance
does not typically reimburse such care, and patients must
fund their care through a long-term care-focused insurer.

Discussion

We comprehensively examined the direct annual medical
costs of HD in commercially-insured and Medicaid popu-
lations, and found increasing costs with HD disease

progression ($4947 (SD¼ $6040) to $22,592
(SD¼ $39,028) and $3257 (SD¼ $5670) to $37,495
(SD¼ $27,111), respectively). Late stage costs were sub-
stantial, and Medicaid Late stage costs were more than
66% higher than their commercial counterparts. Costs
associated with long-term care/nursing home care contrib-
uted to more than half of Medicaid Late stage costs; how-
ever, more Medicaid Late stage patients were in long-term
care/nursing home and, for a longer time, compared to
their commercial counterparts. However, it is uncertain
whether Medicaid Late stage patients have higher overall
and long-term care/nursing home costs due to more
advanced disease or whether the commercial database
lacks full visibility into long-term care/nursing home use,
or a combination of the two.

Our average yearly pharmacy costs were higher for com-
mercial patients compared to Medicaid patients, and may

Figure 1. Total costs by type of service, for the commercial and Medicaid population, by Huntington’s disease stage.
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be partly explained by Medicaid pharmacy discounts. It is
important to note that tetrabenazine (Xenazine�), the
only FDA-approved treatment for chorea associated with
Huntington’s disease, was approved in the US in August
2008 and therefore only patients followed through 2009
would reflect the substantial costs of tetrabenazine to the
payer. While we did not examine annual cost trends
between 2002–2009, it is likely pharmacy costs will have
increased in recent years with the approval of this drug.

Our study is the only one to our knowledge which
assesses the comprehensive, direct costs of HD among a
large, representative sample of US patients. Only one
study has provided direct cost data related to HD, using
the 1996–2002 Nationwide Inpatient Sample, with scope
limited to inpatient costs of HD patients by admission
diagnosis11. Two studies have assessed HD costs through
survey methods, however only one was conducted in the
US9,10. This study surveyed healthcare utilization in
neurological illnesses, including HD, as reported by care-
givers, in 19969. Based on healthcare utilization, the
authors estimated a total annual adjusted direct cost for
HD including long-term care, hospital care, and paid home
care of �$17,614 (updated to 2011 dollars) for the 51 HD
patients, of whom 42% had reported long-term care util-
ization. This annual cost is between our comprehensive
commercial Middle and Late stage costs. It is likely that
the survey study was skewed toward more late-stage HD
patients, as these patients had caregivers and 42% utilized
long-term care.

Since we are unable to compare our findings to any
other comprehensive direct medical cost analyses in HD,
we identified claims database studies which assessed the
direct cost of illness in other progressive neurological ill-
nesses: Alzheimer’s disease (AD), multiple sclerosis (MS),
and Parkinson’s disease (PD). Our HD cost burden may be
considered relative to the costs of these other illnesses
which have established costs (which we have updated to
2011 USD), and which are in some aspects comparable to
HD. A study using comprehensive claims data found
annualized costs for Medicare patients with AD in the
pre-index year (prior to the first AD claim) of $15,305
and the post-index year of $28,26316. These costs are com-
parable to our HD Middle and Late stage costs, respect-
ively. The direct costs of MS were assessed using
commercial and public claims data and an annual cost of
$16,425 was found, comparable to our Middle stage
costs17. The annual cost of PD among both commercial
and Medicaid patients was found to be $31,849, which is
within the range of our Late stage costs18. The major cost
drivers varied in these studies: inpatient care (inclusive of
nursing home costs) for AD, pharmacy for MS, and out-
patient care for PD costs (as was the case for our HD costs,
for the most part). Additionally, a few analyses have clas-
sified patients into stage and demonstrated increased cost
with disease progression. Annual costs of later-stage was

considerably higher than earlier-stage among Medicare
AD patients ($9860 and $46,952, respectively)19.
Among Medicare MS patients, higher annual costs were
found for pre-existing primary progressive MS than pre-
existing relapsing-remitting MS (RRMS) ($27,903 and
$6,952, respectively)20.

We identified the costs for a reference cohort of healthy
patients from Thomson Reuters’ MarketScan commercial
and Medicaid databases to provide a comparator group
in order to assess the incremental costs which may be
attributable to HD21. Average total annual costs (updated
to 2011 USD) were $4067 and $5191 for commercial and
Medicaid healthy controls, respectively. For the commer-
cial population, this mean reference cost is slightly lower
than the cost for our Early stage commercial patients.
Our small sample of Early stage Medicaid patients
(n¼ 38) limits comparisons; however our Middle and
Late stage HD costs are considerably higher than these
reference costs, with excesses of $18,526 and $32,304,
respectively.

There are some limitations inherent to retrospective
database analyses, as well as to our analysis of HD patients
and our algorithm for assigning HD stage. We are unable to
track patients who move from commercial to Medicaid
insurance due to database limitations. Our algorithm clas-
sified patients into a single stage, based on the severity of
disease markers present, potentially allowing for misclassi-
fication of some costs. For patients who transitioned
between stages within their time enrolled in the database,
our algorithm classified these patients (and all their costs)
into the more advanced stage, potentially under-estimat-
ing the costs of the more advanced stage. However,
because patients progress gradually through disease
stages, we were less concerned about this, and, further-
more, thought it impossible to identify the exact point of
transition. We required a 6 months minimum of follow-up
time in order to maximize patient sample for patients with
less than 12 months continuous enrollment post-index, as
well as to be able to utilize the entire available time for
patients with greater than 12 months post-index. While
the annualized cost method may both over- and under-
estimate the actual cost, this likely averages out. We
miss an important aspect of the overall burden of HD by
not capturing indirect costs (absenteeism, under-employ-
ment, informal caregiving, etc.). Also, there is a possibility
that HD patients who have not received a diagnosis code
of 333.4 due to their physicians’ respect for their privacy
have not been captured in our cohorts. However, this issue
is more problematic for patients in Early stage, where fear
of job loss or insurance denial may be a concern, while
for later stages, use of the diagnosis code of 333.4 for insur-
ance claims is likely necessary due to reimbursement
needs. Our sample includes 4.6% of patients who were
younger than 18. Juvenile HD has a different pattern of
disease progression and symptoms as compared to adult
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onset HD22. Another limitation is that the small number
of patients in our Medicaid Early stage limits comparisons
and identification of trends by stage. A final limitation is
that commercial insurance does not traditionally cover
long-term care/nursing home. It is possible that we do
not capture all long-term care/nursing home-related costs
for commercial patients and lack visibility into any out-
of-pocket or supplemental LTC insurance purchased.
Additionally this limits cost comparisons between com-
mercial and Medicaid Late stage patients.

Conclusions

In conclusion, our retrospective database analysis of HD
commercial and Medicaid patients uncovered a substantial
economic burden of HD, which increased greatly by stage.
The mean total annualized cost per patient ranged from
$4947 (SD¼ $6040) to $22,582 (SD¼ $39,028) with
median $3397–$12,618 for commercial patients, and
$3257 (SD¼ $5670) to $37,495 (SD¼ $27,111) with
median $1688–$35,925 for Medicaid patients. The vast
majority of Late stage Medicaid patients received nursing
home care, and were in a nursing home for a longer dur-
ation than Late stage commercial patients. Late stage
Medicaid costs were much higher than their commercial
counterparts, and the majority of Late stage Medicaid costs
were associated with nursing home care, suggesting further
disease progression.

Given the unmet treatment needs in HD, and the high
costs of HD disease progression, there is a great need for an
effective treatment. Delaying or preventing disease pro-
gression in HD would result in considerable cost savings
and a disease modifying therapy which would stabilize a
patient in Early stage could potentially save annual total
costs of up to �$17,500 and $34,000 per patient for com-
mercial and Medicaid populations, respectively (Late stage
costs minus Early stage costs). A forthcoming study will
incorporate these direct cost estimates along with indirect
cost estimates, obtained through patient and caregiver sur-
veys, into a comprehensive model of the burden of HD at
the national US level.

Given the limited understanding of the costs of HD, as
well as the association between costs and HD stage, it is our
hope that quantifying the economic consequences of HD,
which increase with disease progression, will raise aware-
ness of the unmet need of HD among clinical and managed
care decision-makers, as well as highlight the need for
continued research into therapies which may effectively
delay or prevent disease progression.
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Tetrabenazine as antichorea therapy in
Huntington disease

A randomized controlled trial
Huntington Study Group*

Abstract—Background: Tetrabenazine (TBZ) selectively depletes central monoamines by reversibly binding to the type 2
vesicular monoamine transporter. Open-label reports indicate TBZ is effective in treating chorea. Objective: To examine
the safety, efficacy, and dose tolerability of TBZ for treating chorea in Huntington disease (HD). Methods: The authors
randomized 84 ambulatory patients with HD to receive TBZ (n � 54) or placebo (n � 30) for 12 weeks. TBZ was increased
over 7 weeks up to a maximum of 100 mg/day or until the desired antichoreic effect occurred or intolerable adverse effects
supervened. The primary outcome was the change from baseline in the chorea score of the Unified Huntington’s Disease
Rating Scale (UHDRS) Results: TBZ treatment resulted in a reduction of 5.0 units in chorea severity compared with a
reduction of 1.5 units on placebo treatment (adjusted mean effect size � �3.5 � 0.8 UHDRS units [mean � SE]; 95% CI:
�5.2, �1.9; p � 0.0001). There was also a significant benefit on ratings of clinical global improvement. There were five
study withdrawals in the TBZ group and five serious adverse events (SAEs) in four subjects (drowning suicide, compli-
cated fall, restlessness/suicidal ideation, and breast cancer) compared with one withdrawal and no SAEs in the placebo
group. Conclusion: Tetrabenazine (TBZ), at adjusted dosages of up to 100 mg/day, effectively lessens chorea in ambulatory
patients with Huntington disease. TBZ should be dosed individually based on ongoing assessment of possible adverse side
effects.

NEUROLOGY 2006;66:366–372

Although there is no established treatment to delay
the onset or forestall the progression of illness asso-
ciated with Huntington disease (HD), symptomatic
treatment of chorea may be beneficial in selected
individuals.1,2 Neuroleptics reduce chorea but are as-
sociated with extrapyramidal side effects. Several re-
ports have suggested that tetrabenazine (TBZ)
ameliorates hyperkinetic movement disorders,3-9 but
controlled studies have been limited.10-12 TBZ is cur-
rently marketed in nine countries including Canada,
but it has been available in the United States only
for research purposes.

TBZ binds with high affinity (Kd � 2.4 nM) and
selectivity to the CNS vesicular monoamine trans-
porter (VMAT2),13-18 effectively depleting monoamines
and serotonin (5HT) from nerve terminals by inhibiting
their transport into presynaptic vesicles.14,19-21 TBZ
depletes dopamine (IC50 � 0.4 mg/kg) preferentially

over norepinephrine or 5HT (IC50 � 2 mg/kg), whereas
reserpine, the only currently available monoamine de-
pleter, is less selective and also binds to VMAT1 ex-
pressed in the periphery.22-25 The highest binding
density for TBZ is in the caudate nucleus, putamen,
and nucleus accumbens, areas known to bear the brunt
of pathology in HD.26,27 VMAT binding and mono-
amine depletion by TBZ are reversible, last hours,
and are not modified by chronic treatment,
whereas those by reserpine are irreversible and
last days to weeks.28,29 Unlike reserpine, TBZ has
therefore not been associated with troublesome pe-
ripheral side effects such as hypotension.

We report the first multicenter, prospective,
double-blind, placebo-controlled dose-finding study of
TBZ for the treatment of chorea in HD.

Methods. Subjects. Eligible subjects had HD as confirmed by
the presence of a characteristic movement disorder (chorea), a
family history, and an expanded CAG repeat (n � 37). All partici-
pants were required to be independently ambulatory, to have a
screening total functional capacity (TFC) of �5,30 and a total max-
imal chorea of �10 (sum of the maximal chorea scores for facial,

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the February 14 issue to find the title link for this article.
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buccal–oral–lingual, trunkal, and each extremity from the motor
subscale of the Unified Huntington’s Disease Rating Scale
[UHDRS]).31 Patients were excluded if they had disabling depres-
sion, dysphagia, or dysarthria. Eligible participants could not
have been treated in the past with TBZ or currently with
dopamine-depleting medications, dopamine D2 receptor blockers,
selective or nonselective monoamine oxidase inhibitors, levodopa,
dopamine agonists, amantadine, or memantine. Patients previ-
ously treated with dopamine D2 receptor blockers were enrolled,
provided they had been off these medications for at least 4 weeks.
Patients were permitted to take existing antidepressant or benzo-
diazepine medication if receiving stable dosages for at least 8
weeks prior to the randomization visit. Subjects needed to be
accompanied by a caregiver.

Study design. This randomized, double-blind, placebo-
controlled study was carried out at 16 Huntington Study Group
(HSG) sites in the United States. The primary purpose was to
study the efficacy, dosing, tolerability, and safety of TBZ in two
parallel groups of HD subjects with clinically manifest chorea,
allocated 2:1 to receive TBZ or placebo. The study protocol re-
ceived institutional review board approval at each participating
center prior to subject enrollment.

A data and safety monitoring committee consisting of two phy-
sicians experienced in clinical research and a biostatistician, who
were not otherwise involved in the conduct of the study, convened
on three occasions during the course of the trial to assess safety,
including unblinded analysis of accrued adverse events and labo-
ratory tests.

Study procedures. Consenting research participants who sat-
isfied the eligibility criteria were randomized (2:1) to receive ei-
ther TBZ or placebo for 12 weeks. Treatment assignment was
concealed from subjects and investigators, and randomization was
performed through a computerized module developed in the De-
partment of Biostatistics at the University of Rochester. TBZ was
formulated in 12.5-mg tablets and was identical in appearance to
matching placebo tablets. During the first 7 weeks of the study,
dosage was titrated in blinded fashion by providing 1 tablet on the
first day, then 1 tablet twice daily for the remainder of the first
week. Subsequently, the number of tablets was increased by 1 per
week up to 8 tablets per day in three divided doses or until a
desired antichoreic effect was achieved or intolerable adverse ef-
fects occurred. To reduce intolerable side effects, the number of
tablets was reduced to the participant’s previously well-tolerated
level or lower if necessary. Participants were permitted one sus-
pension of study drug for up to 7 days. By the end of the first 7
weeks of the study, participants were on their “best dose,” and
during the last 5 weeks of the study, the dosage remained con-
stant unless reduced because of intolerable adverse effects. After
12 weeks, study drugs were withdrawn, and subjects returned for
a follow-up visit 1 week later.

Assessments. Subjects were examined at baseline and at the
end of weeks 1, 3, 5, 7, 9, 12, and 13. At each examination, the
investigator rated the UHDRS total maximal chorea score. The
Clinical Global Impression (CGI) was done at weeks 1, 3, 5, 7, 9,
and 12. A full UHDRS, including motor, cognitive, behavioral, and
functional components, was completed at baseline, at the end of
the titration phase, and at the end of the maintenance phase.31

Complete blood count and general chemistry profiles were ob-
tained at screening and at the end of week 12.

Participants were also evaluated for adverse events, parkin-
sonism subscore of the UHDRS (sum of finger taps, pronate/
supinate hands, rigidity arms, bradykinesia–body, gait, tandem
walking, and retropulsion pull test), akathisia as measured by the
Barnes Akathisia Scale,32 speech and swallowing as measured by
Unified Parkinson’s Disease Rating Scale Part II, item 5 (UPDRS
speech) and item 7 (UPDRS swallowing),33 depression as mea-
sured by the 17-item Hamilton Depression Scale (HAM-D),34

sleepiness as measured by the Epworth Sleepiness Scale (ESS),35

vital signs (systolic and diastolic blood pressure, radial artery
pulse rate) while sitting, and a 12-lead EKG. We also piloted a
new instrument, the Functional Impact Scale (FIS), to assess the
degree of difficulty with bathing, dressing, feeding, social isola-
tion, and toileting. FIS information was obtained from the accom-
panying caregiver, and each item was graded on a scale of 0 to 3
(see appendix E-1 on the Neurology Web site; go to
www.neurology.org).

An amendment to the initial protocol, adding a videotape to

document subjects’ chorea at the end of the maintenance phase
(week 12) and after withdrawal (week 13), was instituted during
the course of the study. An independent movement disorder ex-
pert who was blinded to subjects’ treatment assignments, as well
as to whether a given tape had been done at the conclusion of the
maintenance phase or the conclusion of the washout phase, rated
each tape as to chorea severity using the UHDRS and overall
clinical improvement using the CGI Improvement Scale.

Statistical analysis. The primary prespecified efficacy out-
come measure was the difference between the baseline total max-
imal chorea score and the average of the score at week 9
(midmaintenance phase) and week 12 (end of maintenance phase).
Analysis of covariance (ANCOVA) was used to assess the treat-
ment effect. The model included the site and baseline score. The
treatment-by-site interaction was not significant and was there-
fore not included in the final model. Primary analyses were based
on intention to treat. If either the week 9 or the week 12 data
were missing for a given subject, the missing data were imputed
as the one available score. If both week 9 and week 12 data were
missing, the subject’s last available score (after baseline) was car-
ried forward.

Power calculations were based on the results obtained in the
subgroup of patients whose baseline total maximal chorea score
was at least 10 in a previous 12-week HSG trial. Given a 2:1
randomization (TBZ/placebo), an estimated dropout rate of 15%,
and an estimated baseline chorea score of 14.5 � 3.5 (mean � SD),
a total sample size of 72 subjects gave �80% power to detect an
effect size of at least 2.7-unit change in the total maximal chorea
score. The study sample provided a probability of �90% for detect-
ing an adverse event that occurred with a frequency of 10% or
more in the population from which the participants were drawn
and a power of �99% for detecting an absolute difference in toler-
ability of 50% between the placebo group and the TBZ group.

Because of the large number of potential outcome measures,
the analysis plan prespecified that four secondary endpoints (CGI
Global Improvement score, change in total motor score, change in
functional checklist, change in gait score) be analyzed in descend-
ing hierarchy, with definitive analyses ceasing when the signifi-
cance level reached � � 0.05. The CGI Global Improvement score
was analyzed using only data from week 12, as prespecified in the
analysis plan. ANCOVA procedures comparable with those in the
primary efficacy analysis were used for the change from baseline
in the other measures. Exploratory analyses of other outcome
measures were undertaken after the hierarchical analyses
reached a stopping point. Baseline characteristics were compared
using t tests or �2 tests, as appropriate. Group comparisons on
tolerability measures and adverse events were made with
continuity-corrected �2 tests or F tests.

Results. Baseline comparability. Figure 1 outlines the
flow of participants in the study. Ninety-one individuals
were screened and 84 eligible subjects were randomized
between July and December 2003. Table E-1 lists the base-
line demographic and outcome variable scores for all par-
ticipants. The groups were comparable with regard to age,
CAG repeat length, gender, duration of illness, and propor-
tion with a history of depression. Subjects randomized to
TBZ scored worse at baseline on the Symbol Digit Test of
the UHDRS cognitive battery (p � 0.018), as well as on the
pilot FIS (p � 0.035). Although the other individual
UHDRS measures were not statistically different across
treatment groups, subjects randomized to TBZ tended to
score somewhat more poorly at baseline on most UHDRS
measures of severity with the notable exception of chorea
score (see table E-1). There was a strong inverse correla-
tion between CAG repeat length and the age at symptom
onset in our study sample (r � �0.63, p � 0.0001), as
observed in other studies of HD patients.36,37

Outcome summaries. Table 1 shows the adjusted mean
changes in treatment-related outcome measures from
baseline to the prespecified study endpoint (average of
week 9 and week 12 scores), including the adjusted treat-
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ment effect with 95% CIs, the effect sizes as a function of
the average baseline scores, and the effect sizes as a func-
tion of the total scale range for each variable.

Primary efficacy outcome: Impact of TBZ on cho-
rea. Although there was a mild reduction in total maxi-
mal chorea in the placebo group between baseline and the
average of the week 9 and week 12 assessments (�1.5 �
0.7 UHDRS units; adjusted mean � SE), the impact of
TBZ on chorea severity was larger: �5.0 � 0.5 UHDRS
units (p � 0.0001). The adjusted effect size of �3.5 UH-
DRS units (95% CI: �5.2, �1.9), represents a 23.5% aver-
age reduction in baseline chorea severity due to TBZ
(figure 2). Whereas only 20% of placebo subjects had a
reduction in chorea of at least 3 UHDRS units, 69% of
TBZ-treated subjects had a reduction of at least this mag-
nitude (adjusted odds ratio � 9.9; 95% CI: 3.2, 29.9; p �
0.0001). The TBZ-related reduction in chorea was not re-
lated to age, gender, trinucleotide repeat length, gender of
affected parent, baseline CGI of severity, or baseline cho-
rea score.

Secondary efficacy outcomes. TBZ was superior to pla-
cebo on the CGI Global Improvement Scale, with an ad-
justed effect size (improvement) of �0.7 CGI unit (95% CI:
�1.3, �0.2) on this 7-point scale. Figure 3 shows the distri-
bution of CGI Global Improvement scores at week 12 by
treatment group. Twenty-four percent of subjects in the
placebo group achieved a CGI Global Improvement score of
�3 (corresponding to at least minimal global improve-
ment) compared with 69% of TBZ subjects (p � 0.0001).
Only two participants receiving placebo (6.9%) had more
than minimal global improvement, whereas 23 TBZ partic-

Figure 1. Flow of study subjects.

Table 1 Change in outcome variables (adjusted mean � SE) from baseline to average of week 9 and week 12 scores
(ITT/LOCF analyses)

Direction of
favorable
change

Placebo,
n � 30

TBZ,
n � 54

p Value
� 0.05

Adjusted
mean TE,
scale units

TE 95%
CI, scale

units

TE,
% baseline
mean score

TE,
% scale
range

Primary outcome variable

� UHDRS tot max. chorea � �1.5 � 0.7 �5.0 � 0.5 0.0001* �3.5† �5.2, �1.9 �23.5 �12.5

Secondary outcome variables

CGI Global Improvement‡ 3.7 � 0.2 3.0 � 0.2 0.007* �0.7 �1.3, �0.2 �10.0

� UHDRS total motor � �3.5 � 1.5 �6.8 � 1.1 �3.3 �7.0, 0.3 �7.1 �2.7

Exploratory outcome variables

� UHDRS functional checklist 	 0.4 � 0.4 �0.8 � 0.3 0.02§ �1.2 �2.2, �0.2 �6.3 �4.8

� 17-item HAM-D � �2.4 � 0.4 �0.7 � 0.3 0.003§ 1.6 0.6, 2.7 33.8 3.1

� Epworth Sleepiness � �0.3 � 0.6 1.5 � 0.5 0.02§ 1.8 0.3, 3.4 47.7 7.5

� Stroop test

Word reading 	 1.8 � 2.1 �4.8 � 1.5 0.01§ �6.6 �11.8, �1.5 �12.1 —

Color naming 	 1.3 � 1.7 �1.7 � 1.2 �2.9 �7.3, 1.4 �6.6 —

Interference 	 1.5 � 1.2 �1.5 � 0.9 �3.0 �6.0, 0.0 �12.9 —

Per the prespecified hierarchical analysis plan (see text), only changes in total maximal chorea and CGI Global Improvement scores
achieved definitive significance.

* Favors TBZ over placebo.
† The study was powered to detect an effect size of 2.7 UHDRS units.
‡ CGI Global Improvement analysis based on week 12 rating per analysis plan. For CGI Global Improvement, a score of �4 � improve-

ment, 4 � no change, �4 � worsening.
§ Favors placebo over TBZ.

ITT � intention-to-treat analysis; LOCF � last observation carried forward analysis; TBZ � tetrabenazine; TE � treatment effect (TBZ
compared with placebo); UHDRS � Unified Huntington’s Disease Rating Scale; HAM-D � Hamilton Depression Scale; CGI � Clinical
Global Impression; UPDRS � Unified Parkinson’s Disease Rating Scale.
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ipants (45.1%) were more than minimally improved (p �
0.0004). There was a correlation between improvement in
chorea and the CGI Global Improvement score at week 12
(r � 0.58, p � 0.0001, n � 80). A similar correlation was
found between improvement in total motor score and CGI
Global Improvement score at week 12 (r � 0.41, p �
0.0001).

Although there was a trend toward an improvement,
the impact of TBZ on the UHDRS total motor score did not
reach significance (adjusted mean treatment effect � �3.3
UHDRS units; 95% CI: �7.0, 0.3; p � 0.08). Per the se-
quential hierarchy of analyses prespecified in the study
protocol, all further analyses of secondary outcomes were
considered exploratory rather than definitive once this re-
sult was established.

Exploratory outcome measures. There was an adverse
impact of TBZ on the UHDRS Functional Checklist, with
the placebo group improving by 0.4 unit on this 25-point
scale and the TBZ worsening by 0.8 unit (p � 0.02). There
was no impact of TBZ on UHDRS gait assessment,
UHDRS parkinsonism score, or any of the other explor-
atory outcome measures (TFC, FIS, Independence Scale).
There was a small but significant correlation between
worsening UHDRS Functional Checklist scores and wors-
ening UHDRS parkinsonism scores (r � 0.24; p � 0.027).
Subjects in the TBZ group reported more sleepiness on the
ESS (adjusted mean effect size � 1.8 ESS units; 95% CI:
0.3, 3.4; p � 0.02). There was no significant impact of TBZ
on the Barnes Akathisia Scale, UHDRS Behavioral Assess-
ment (calculated as the sum of all items), UPDRS swallow-

ing, or UPDRS speech items. TBZ had an adverse impact
on Stroop word reading, but not on other UHDRS
measures of cognitive function. Subjects in both the pla-
cebo and the TBZ groups improved on the 17-item HAM-D
over the course of the trial, but those in the placebo group
did so to a slightly greater degree, with a relatively smaller
improvement seen in the TBZ group (adjusted mean effect
size � 1.6 HAM-D units; 95% CI: 0.6, 2.7; p � 0.003). As
the mean HAM-D score across all subjects at baseline was
only 4.7, the net TBZ effect was clinically insignificant in
the context of the threshold score of �12 for a diagnosis of
depression. There was, however, a small but significant
correlation between worsening HAM-D scores and worsen-
ing UHDRS Functional Checklist scores (r � 0.30;
p � 0.006).

Washout period. There were no differences between
TBZ and placebo at the conclusion of the washout phase
(week 13), compared with baseline, with regard to motor,
cognitive, behavioral, or global measures of illness sever-
ity. Chorea in subjects on TBZ worsened more than pla-
cebo subjects in the period following withdrawal of
medication at week 12 (adjusted effect size � 4.4 UHDRS
units; 95% CI: 2.8, 6.0; p � 0.0001). These results were
confirmed by analysis of chorea ratings and CGI ratings
made by the independent movement disorder expert on a
subset of 23 subjects for whom videotapes at weeks 12 and
13 were available. Video chorea worsening attributable to
the washout from TBZ vs placebo was estimated at 4.08
UHDRS units (ANCOVA, 95% CI: 0.55, 7.62; p � 0.03).
Seventy-one percent (10/14) of the TBZ patients were at

Figure 2. Mean change from baseline
in Unified Huntington’s Disease Rating
Scale total maximal chorea score by
treatment group (last observation car-
ried forward [LOCF] except for week
13). Change from baseline to week 12
favors tetrabenazine (p � 0.0001; anal-
ysis of covariance, intention to treat,
LOCF, side panel). There was blinded
washout of study drug after week 12.
Scale range: 0 to 28.

Figure 3. Distribution of Clinical
Global Impression Global Improvement
ratings at week 12 (end of active treat-
ment phase) by treatment group. Scores
are as follows: 1 � very much im-
proved, 2 � much improved, 3 � mini-
mally improved, 4 � no change, 5 �
minimally worse, 6 � much worse, 7 �
very much worse. There is a shift of the
curve to the left (improvement) in the
tetrabenazine group (p � 0.0001 for
proportion achieving score of �3; �2

intention to treat).
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least minimally worse on the CGI after withdrawal of drug
compared with 22% (2/9) of the placebo patients (Coch-
ran—Armitage trend test, p � 0.01). There was strong
correlation between the independent rater’s assessment of
chorea severity by video and investigators’ reports of cho-
rea severity in the clinic at both week 12 (r � 0.76; p �
0.0001) and at week 13 (r � 0.68; p � 0.0004).

Tolerability and serious adverse events. Seventy-eight
(93%) of the 84 subjects completed the full 13 weeks of the
study. One subject in the placebo group was lost to follow-
up. Five withdrawals occurred in the TBZ group: four due
to serious adverse events (SAEs), and one due to akathisia.
Four participants receiving TBZ experienced five SAEs.
There was one death by drowning due to suicide. Neither
the investigator nor the subject’s caregiver had detected
signs of depression at a study visit conducted 2 weeks prior
to the event, and no abnormality was detected on the
HAM-D at that time. There was a premature disclosure of
treatment assignment to the site investigator consequent
to this SAE. One TBZ-treated subject had an intracerebral
hemorrhage consequent to a fall and subsequently re-
turned to baseline level of function. One participant was
hospitalized for restlessness that resolved within 48 hours
of dosage reduction and treatment with clonazepam, but 2
weeks later developed depressive symptoms, irritability,
and suicidal ideation when motor symptoms worsened.
The subject was continued on TBZ, rehospitalized, and
treated with mirtazapine, with resolution of suicidal ide-
ation within a day of rehospitalization. One subject had
been aware of a breast lump prior to screening but did not
bring it to the investigator’s attention until after she was
enrolled; she was diagnosed with breast cancer during the
study. There were no SAEs in the placebo group.

All AEs. Table 2 summarizes the number of with-
drawals, dosage reductions due to intolerability, subjects
experiencing at least one AE, and number of AEs per sub-
ject. Twenty-one (70%) of placebo and 49 (91%) of TBZ
participants experienced an AE (World Health Organiza-
tion preferred coding; p � 0.01). Table E-2 lists AEs re-
ported in four or more participants (approximately 5% of
the total study population). By the conclusion of the main-
tenance phase, when subjects were presumably on optimal
dosage, there were no significant differences between TBZ
and placebo with regard to specific AEs that had not been
reported at baseline (coding based on the AE log using
World Health Organization preferred term). Among sub-

jects completing the study, the most common AE at week
12 was fatigue, reported by seven subjects on TBZ (14.3%)
and two subjects on placebo (6.9%).

Dosage adjustments. Figure E-1 on the Neurology Web
site gives the distribution of dosages achieved by each
group at the end of the titration and maintenance phases.
Twenty-seven (55%) of the 49 TBZ subjects and 4 (14%) of
the 29 placebo subjects completing the study were taking
less than the maximum allowed dosage at the end of the
maintenance phase (week 12). Of these, one TBZ and two
placebo subjects had early washouts during the mainte-
nance phase (unrelated to adverse events), whereas two
TBZ and one placebo subject achieved desirable anticho-
reic effect at less than maximal dosage. Dose-limiting
symptoms (based on the dosage adjustment log) in the
TBZ-treated group included sedation in 13 (27%), akathi-
sia in 4 (8%), parkinsonism in 2 (4%), depression as de-
scription of mood rather than a formal diagnosis in 2 (4%),
and other in 3 (6%). One placebo-treated subject (3%) re-
ported light-headedness as a dose-limiting symptom.

Vital signs and laboratory results. There were no sig-
nificant treatment differences in blood pressure or weight
between baseline and the end of the maintenance phase.
There was an increase in pulse in the TBZ group (5.9 � 2.7
beats/min, adjusted mean effect � SE; p � 0.03). There
were no clinically relevant EKG changes during the course
of the study. All participants had laboratory values less
than grade 3 by National Cancer Institute guidelines at
screening, with the exception of lipid profiles. Three sub-
jects receiving TBZ developed alanine aminotransferase
(ALT) increases that were not associated with elevated
bilirubin values or clinical symptoms. Of these three pa-
tients, two were classified as grade 2 and resolved with
continued therapy in an open extension trial. The patient
who developed a grade 3 increase had an abnormal value
at baseline and acknowledged binge drinking at the time of
the increase; this patient’s ALT normalized on withdrawal
of therapy after which he tolerated retreatment at a lower
dose in an open extension trial. There were no other clini-
cally meaningful differences between the groups with re-
gard to changes in laboratory values during the course of
the study, and the groups did not differ statistically with
regard to the occurrence of ALT elevation.

Medications. The most common concomitant medica-
tions at study entry included antidepressants (60%) and

Table 2 Tolerability analyses

Variable Placebo, n (%), n � 30 TBZ, n (%), n � 54 p Value

Subjects withdrawn (see text) 1 (3.3) 5 (9.3) NS

Subjects experiencing at least one SAE (see text) 0 (0) 4 (7.4) NS

New AEs per subject, mean � SD

All 1.5 � 1.8 3.8 � 3.1 0.0005

Excluding mild 0.6 � 0.9 1.9 � 2.0 0.0007

Subjects reporting AEs

All 21 (70.0) 49 (90.7) 0.01

Excluding mild 10 (33.3) 37 (68.5) 0.002

Subjects with week 12 reduced dosage due to intolerability 1 (3.3) 24 (44.4) �0.0001

TBZ � tetrabenazine; SAE � serious adverse event.
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benzodiazepines (17%). There was no difference between
groups in the use of these medications.

Discussion. TBZ significantly reduced chorea bur-
den, improved global outcome, and was generally
safe and well tolerated in this 12-week study. The
antichoreic impact of TBZ was clinically meaningful
and statistically significant, with benefit in a global
measure of clinical outcome (CGI Global Improve-
ment Scale) that correlated well with the degree of
chorea improvement. The 3.5-unit (23.5%) reduction
in chorea severity seen in the TBZ group, compared
with placebo, contrasts favorably with that seen in
recently reported trials of remacemide (0.9 unit,
9.8%)36 and riluzole (2.2 units, 18.0%).37 Amantadine
was previously reported to improve chorea by 36%,1
but a more recent double-blind controlled study
showed no benefit of amantadine on chorea.38 A post-
hoc analysis of chorea response by dosage in our
study indicates that subjects whose TBZ dosage was
50 mg/day or less had a greater improvement in cho-
rea at week 12 (adjusted effect size compared with
placebo: �6.24; 95% CI: �8.56, �3.93) than did those
receiving more than 50 mg/day (�3.65; 95% CI:
�5.70, �1.60). Differences in susceptibility to TBZ
due to hepatic processing, avidity of VMAT-2, or
other unknown factors may account for this finding.

Whereas chorea is often treated with standard or
atypical neuroleptics, there are no controlled clinical
data available to judge the degree of chorea reduc-
tion achieved with these agents. Adverse effects of
neuroleptics as antichoreic treatment include par-
kinsonism, decreased balance, akathisia, neuroleptic
malignant syndrome, acute dystonic reactions, tar-
dive dyskinesia, blunting of affect, and generalized
apathy. Based on this study and the pharmacology of
TBZ, the typical extrapyramidal effects seen with
neuroleptics appear to be less common. Because our
study was only 12 weeks long, we cannot draw infer-
ences about adverse effects due to TBZ that may
emerge after more prolonged exposure.

The rapid recurrence of chorea during the wash-
out phase is likely due to the relatively short half-life
of the drug (approximately 4 hours), but a placebo
effect cannot be completely excluded. A staggered
washout study would be informative.

An unexplained outcome of this study is the dis-
cordant improvement of TBZ-treated patients on the
CGI Global Improvement Scale in comparison with
the slight worsening on the exploratory analysis of
the UHDRS Functional Checklist. No adverse im-
pact of TBZ on other measures of function (Indepen-
dence Scale, FIS) was found. One explanation of this
finding is that the UHDRS Functional Checklist
failed to incorporate items of functional significance
relevant to potentially beneficial effects of TBZ, such
as the ability to carry out specific activities (e.g.,
eating or dressing). We noted a significant correla-
tion between deterioration on the HAM-D or on the
UPDRS Parkinsonism Scale and worsening UHDRS
Functional Checklist scores. The fact that improve-

ment in chorea was significantly correlated to im-
provement in the CGI Global Improvement Scale
underscores the contribution that chorea makes to
the overall clinical burden of HD and validates the
use of the UHDRS chorea score as a clinical outcome
measure.

TBZ was associated with a significant increase in
reports of drowsiness and insomnia, though only four
subjects reported both symptoms. Other dose-
limiting AEs included depressed mood (n � 2), par-
kinsonism (n � 2), and akathisia (n � 4). These AEs
generally resolved with dosage adjustment. There
were no significant differences between TBZ and pla-
cebo in the number of AEs present on optimized dos-
ages at week 12. We detected no adverse impact at
week 12 on the Barnes Akathisia Rating Scale or on
measures of parkinsonism, dysphagia, or dysarthria.
There was no evidence of TBZ-related depression as
determined by the HAM-D,17 though patients in the
placebo group had a greater improvement in this
index of mood than did those in the TBZ group over
the 12-week study.

One subject in the TBZ group committed suicide,
despite scoring within the normal range on the
HAM-D 2 weeks prior to the event. Clinicians should
be cautious about the heightened risk of suicide in
HD regardless of depression indexes or use of mono-
amine depleters, as overall completed suicide rates
are estimated at 7.3% and up to 25% of patients may
attempt suicide at some point in the illness.39,40 The
increase in suicide in HD may be due to the high
frequency of impulsivity seen in these patients, but
the occurrence of the suicide by our subject cannot be
absolutely attributed to impulsivity and may possi-
bly be related to exposure to TBZ or to other aspects
of the underlying disease.

TBZ adjusted up to 100 mg/day ameliorates cho-
rea in ambulatory HD patients. Our finding that the
antichoreic effect of TBZ is associated with signifi-
cant improvement in the CGI Global Improvement
Scale, but not in other functional outcome measures,
serves as a reminder that chorea is only one of many
sources of disability for patients with HD.

Acknowledgment
The authors thank the following individuals for their contribu-
tions to the conduct of this study: Jan Bausch, BS; Stephen Bean,
RPH; Sue Henderson; Peggy Lamberton; Letty Laskowski; Margot
Lutz, RN; Karen Rothenburgh; Arthur Watts, BS; Earl Wester-
lund (University of Rochester); Peggy Laird; Ben Lewis, PhD;
Marion Yonce, MS; Kathryn Zunich, MD (Prestwick Pharmaceuti-
cals); and clinical research consultants Amy T. Fletcher (Milan,
IN); Timothy D. Foster (College Station, TX); Daniel A. Rooney,
Jr., BS (Portland, OR); and Kathleen Karthaeuser (Sterling, NJ).
They also acknowledge the members of the Independent Data and
Safety Monitoring Committee for this trial: Anthony Lang, MD
(chair, University of Toronto); Michael McDermott, PhD; Pierre
Tariot, MD; and Saleem Ishmael, MD (University of Rochester).

Appendix

The following individuals fulfilled all criteria for authorship as
defined by this journal.

February (1 of 2) 2006 NEUROLOGY 66 371



Huntington Study Group authors. Steering Committee:
Frederick J. Marshall, MD (principal investigator, University of
Rochester School of Medicine and Dentistry); Francis Walker, MD
(co-principal investigator, Wake Forest University School of Med-
icine), Samuel Frank, MD (medical monitor, Boston University
School of Medicine); David Oakes, PhD (chief biostatistician, Uni-
versity of Rochester School of Medicine and Dentistry); Sandra
Plumb, BS (chief study coordinator, University of Rochester
School of Medicine and Dentistry); Stewart A Factor, DO (Emory
University); Stanley Fahn, MD (Neurologic Institute, Columbia–
Presbyterian Medical Center); Victoria P. Hunt, RN (Wake Forest
University School of Medicine); Joseph Jankovic, MD (Baylor
College of Medicine); Aileen Shinaman, JD (University of
Rochester School of Medicine and Dentistry); Ira Shoulson, MD
(University of Rochester School of Medicine and Dentistry)

Site coordinators/investigators. Jody Goldstein, BS; Jody
Corey-Bloom, MD, PhD (University of California, San Diego);
Joann Belden, RN; Joanne Wojcieszek, MD (Indiana University
School of Medicine); Constance Nickerson, LPN; Donald Higgins,
MD (Albany Medical College); Marcia McCall, MS; Juan Sanchez-
Ramos, MD (University of South Florida); Nonna Stepanov, MD;
Sandra Kostyk, MD, PhD (Ohio State University); Joan Harrison,
RN; Claudia Testa, MD, PhD (Emory University); Barbara Shan-
non, RN; Andrew Feigin, MD (North Shore University Hospital);
Dawn Radtke, RN; Martha Nance, MD (Hennepin County Medical
Center); Penny Stanton, CCRP; Tetsuo Ashizawa, MD (University
of Texas Medical Branch); Christine Hunter, RN; William Ondo,
MD (Baylor College of Medicine); Katherine Rose, BA; Michael
Geschwind, MD, PhD (University of California, San Francisco);
Jeana Jaglin, RN; Kathleen Shannon, MD (Rush–Presbyterian–
St. Luke’s Medical Center); Mary Matthews, RN; Amy Colcher,
MD (University of Pennsylvania); Pam Riendl, RN, MSN; Karen
Blindauer, MD (Medical College of Wisconsin); Kelly Dustin, RN;
Karen Anderson, MD (University of Maryland School of Medi-
cine); Susan Fowler, RN, PhD; Deviyani Mehta, MD; Philip
Hanna, MD (New Jersey Neuroscience Institute).

Coordination Center and biostatistics. Patricia Lindsay,
Shirley Eberly, MS; Hongwei Zhao, ScD (University of Rochester
School of Medicine and Dentistry).

DNA testing center. Marcy MacDonald, PhD (Massachusetts
General Hospital, Charlestown Labs).

Videotape rating. Anne Young, MD, PhD (Massachusetts
General Hospital).

Prestwick Pharmaceuticals authors. Kathleen Clarence-
Smith, MD, PhD; Christopher O’Brien, MD; Lucinda Wilson.

References
1. Verhagen L, Morris M, Farmer C, Gillespie M, Wuu J, Chase TN. A

double-blind, placebo-controlled crossover study of the effect of amanta-
dine on chorea in Huntington’s disease. Neurology 2001;56(suppl 3):
A386.

2. Frank S, Marshall FJ, Plumb S. et al. Functional decline due to chorea
in Huntington’s disease. Neurology 2004;62(suppl 5):A204.

3. Dalby MA. Effect of tetrabenazine on extrapyramidal movement disor-
ders. Br Med J 1969;2:422–423.

4. Marsden CD. Drug treatment of diseases characterized by abnormal
movements. Proc R Soc Med 1973;66:871–873.

5. Jankovic J. Tetrabenazine in the treatment of hyperkinetic movement
disorders. Adv Neurol 1983;37:277–289.

6. Jankovic J, Beach J. Long-term effects of tetrabenazine in hyperkinetic
movement disorders. Neurology 1997;48:358–362.

7. Jankovic J, Orman J. Tetrabenazine therapy of dystonia, chorea, tics,
and other dyskinesias. Neurology 1988;38:391–394.

8. Fahn S. Long-term treatment of tardive dyskinesia with presynapti-
cally acting dopamine-depleting agents. Adv Neurol 1983;37:267–276.

9. Paleacu D, Giladi N, Moore O, Stern A, Honigman S, Badarny S. Tetra-
benazine treatment in movement disorders. Clin Neuropharmacol 2004;
27:230–233.

10. Jankovic J. Treatment of hyperkinetic movement disorders with tetra-
benazine: a double-blind crossover study. Ann Neurol 1982;11:41–47.

11. Ondo WG, Hanna PA, Jankovic J. Tetrabenazine treatment for tardive
dyskinesia: assessment by randomized videotape protocol. Am J Psychi-
atry 1999;156:1279–1281.

12. Ondo WG, Tintner R, Thomas M, Jankovic J. Tetrabenazine treatment
for Huntington’s disease associated chorea. Clin Neuropharmacol 2002;
25:300–302.

13. Scherman D, Jaudon P, Henry JP. Characterization of the monoamine
carrier of chromaffin granule membrane by binding of
[2-3H]dihydrotetrabenazine. Proc Natl Acad Sci USA 1983;80:585–588.

14. Pettibone DJ, Pflueger AB, Totaro JA. Tetrabenazine-induced depletion
of brain monoamines: mechanism by which desmethylimipramine pro-
tects cortical norepinephrine. Eur J Pharmacol 1984;102:431–436.

15. Darchen F, Scherman D, Henry JP. Reserpine binding to chromaffin
granules suggests the existence of two conformations of the monoamine
transporter. Biochemistry 1989;28:1692–1697.

16. Peter D, Finn JP, Klisak I, et al. Chromosomal localization of the
human vesicular amine transporter genes. Genomics 1993;18:720–723.

17. Kilbourne M, Lee L, Vander Borght, T, Jewett D, Frey K. Binding of
alpha-dihydrotetrabenazine to the vesicular monoamine transporter is
stereospecific. Eur J Pharmacol 1995;278:249–252.

18. Erickson JD, Schafer MK, Bonner TI, Eiden LE, Weihe E. Distinct
pharmacological properties and distribution in neurons and endocrine
cells of two isoforms of the human vesicular monoamine transporter.
Proc Natl Acad Sci USA 1996;93:5166–5171.

19. Butcher LL, Anden NE. Effects of apomorphine and amphetamine on
schedule-controlled behavior: reversal of tetrabenazine suppression and
dopaminergic correlates. Eur J Pharmacol 1969;6:255–264.

20. Bagchi SP. Differential interactions of phencyclidine with tetrabena-
zine and reserpine affecting intraneuronal dopamine. Biochem Pharma-
col 1983;32:2851–2856.

21. Scherman D, Boschi G, Rips R, Henry JP. The regionalization of [3H]di-
hydrotetrabenazine binding sites in the mouse brain and its relation-
ship to the distribution of monoamines and their metabolites. Brain Res
1986;370:176–181.

22. Scherman D, Raisman R, Ploska A, Agid Y. [3H]Dihydrotetrabenazine,
a new in vitro monoaminergic probe for human brain. J Neurochem
1988;50:1131–1136.

23. Surratt CK, Persico AM, Yang XD, et al. A human synaptic vesicle
monoamine transporter cDNA predicts posttranslational modifications,
reveals chromosome 10 gene localization and identifies TaqI RFLPs.
FEBS Lett 1993;318:325–330.

24. Gonzalez AM, Walther D, Pazos A, Uhl GR. Synaptic vesicular mono-
amine transporter expression: distribution and pharmacologic profile.
Brain Res Mol Brain Res 1994;22:219–226.

25. Schuldiner S, Liu Y, Edwards RH. Reserpine binding to a vesicular
amine transporter expressed in Chinese hamster ovary fibroblasts. J
Biol Chem 1993;268:29–34.

26. Thibaut F, Faucheux BA, Marquez J, et al. Regional distribution of
monoamine vesicular uptake sites in the mesencephalon of control sub-
jects and patients with Parkinson’s disease: a postmortem study using
tritiated tetrabenazine. Brain Res 1995;692:233–243.

27. Mehvar R, Jamali F. Concentration–effect relationships of tetrabena-
zine and dihydrotetrabenazine in the rat. J Pharm Sci 1987;76:461–
465.

28. Scherman D, Jaudon P, Henry JP. Binding of a tetrabenazine deriva-
tive to the monoamine transporter of the chromoffin granule mem-
brane. CR Seances Acad Sci III 1981;293:221–224.

29. Scherman D, Henry JP. Reserpine binding to bovine chromaffin gran-
ule membranes. Characterization and comparison with dihydrotetra-
benazine binding. Mol Pharmacol 1984;25:113–122.

30. Shoulson I, Kurlan R, Rubin AJ. et al. Assessment of functional capac-
ity in neurodegenerative movement disorders: Huntington’s disease as
a prototype. In: Munsat TL, ed. Quantification of neurological deficit.
Boston: Butterworths, 1989:271–283.

31. Huntington Study Group. Unified Huntington’s Disease Rating Scale:
reliability and consistency. Mov Disord 1996;11:136–142.

32. Barnes TRE. A rating scale for drug-induced akathisia. Br J Psychiatry
1989;154:672–676.

33. Fahn S, Elton RL. Members of the UPDRS Developmental Committee.
Unified Parkinson’s Disease Rating Scale. In: Fahn S, Marsden CD,
Calne DB, Goldstein M, eds. Recent development in Parkinson’s dis-
ease. Florham Park, NJ: Macmillan Healthcare Information, 1987:153–
163.

34. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychi-
atry 1960;12:56–62.

35. Johns MW. A new method for measuring daytime sleepiness: the Ep-
worth Sleepiness Scale. Sleep 1991;14:540–545.

36. The Huntington Study Group. A randomized, placebo-controlled trial of
coenzyme Q10 and remacemide in Huntington’s disease. Neurology
2001;57:397–404.

37. Huntington Study Group. Dosage effects of riluzole in Huntington’s
disease: a multicenter placebo-controlled study. Neurology 2003;61:
1551–1556.

38. O’Suilleabhain, P, Dewey RB. A randomized trial of amantadine in
Huntington disease. Arch of Neurol 2003;60:996–998.

39. Di Maio L, Squitieri F, Napolitano G, et al. Suicide risk in Huntington’s
disease. J Med Genet 1993;30:293–295.

40. Farrer LA. Suicide and attempted suicide in Huntington disease: impli-
cations for preclinical testing of persons at risk. Am J Med Genet
1986;24:305–311.

372 NEUROLOGY 66 February (1 of 2) 2006



DOI 10.1212/01.wnl.0000198586.85250.13
2006;66;366-372 Neurology 

Huntington Study Group
trial

Tetrabenazine as antichorea therapy in Huntington disease: A randomized controlled

This information is current as of February 13, 2006

Services
Updated Information &

 http://n.neurology.org/content/66/3/366.full
including high resolution figures, can be found at:

Supplementary Material
 http://n.neurology.org/content/suppl/2006/02/08/66.3.366.DC1

Supplementary material can be found at: 

References
 http://n.neurology.org/content/66/3/366.full#ref-list-1

This article cites 38 articles, 10 of which you can access for free at: 

Citations
 http://n.neurology.org/content/66/3/366.full##otherarticles

This article has been cited by 10 HighWire-hosted articles: 

Subspecialty Collections

 http://n.neurology.org/cgi/collection/huntingtons_disease
Huntington's disease

 led_consort_agreement
http://n.neurology.org/cgi/collection/clinical_trials_randomized_control
Clinical trials Randomized controlled (CONSORT agreement)

 http://n.neurology.org/cgi/collection/chorea
Chorea

 http://n.neurology.org/cgi/collection/all_clinical_trials
All Clinical trials
following collection(s): 
This article, along with others on similar topics, appears in the

  
Permissions & Licensing

 http://www.neurology.org/about/about_the_journal#permissions
its entirety can be found online at:
Information about reproducing this article in parts (figures,tables) or in

  
Reprints

 http://n.neurology.org/subscribers/advertise
Information about ordering reprints can be found online:

Online ISSN: 1526-632X.
1951, it is now a weekly with 48 issues per year. Copyright . All rights reserved. Print ISSN: 0028-3878. 

® is the official journal of the American Academy of Neurology. Published continuously sinceNeurology 

http://n.neurology.org/content/66/3/366.full
http://n.neurology.org/content/suppl/2006/02/08/66.3.366.DC1
http://n.neurology.org/content/66/3/366.full#ref-list-1
http://n.neurology.org/content/66/3/366.full##otherarticles
http://n.neurology.org/cgi/collection/all_clinical_trials
http://n.neurology.org/cgi/collection/chorea
http://n.neurology.org/cgi/collection/clinical_trials_randomized_controlled_consort_agreement
http://n.neurology.org/cgi/collection/clinical_trials_randomized_controlled_consort_agreement
http://n.neurology.org/cgi/collection/huntingtons_disease
http://www.neurology.org/about/about_the_journal#permissions
http://n.neurology.org/subscribers/advertise


CANNABINOID RECEPTORS IN THE HUMAN BRAIN: A
DETAILED ANATOMICAL AND QUANTITATIVE

AUTORADIOGRAPHIC STUDY IN THE FETAL, NEONATAL
AND ADULT HUMAN BRAIN

M. GLASS,*† M. DRAGUNOW† and R. L. M. FAULL*‡
Departments of *Anatomy and †Pharmacology, School of Medicine, University of Auckland,

Auckland, New Zealand

Abstract––The anatomical distribution and density of cannabinoid receptors in the human brain was
studied in one fetal (33 weeks gestation), two neonatal (aged three to six months) and eight adult (aged
21–81 years) human cases using quantitative receptor autoradiography following in vitro labelling of
sections with the synthetic cannabinoid agonist [3H]CP55,940.
Cannabinoid receptors were distributed in a heterogeneous fashion throughout the adult human brain

and spinal cord. The allocortex contained very high concentrations of cannabinoid receptor binding sites in
the dentate gyrus, Ammons’s horn and subiculum of the hippocampal formation; high concentrations of
receptors were also present in the entorhinal cortex and amygdaloid complex. Cannabinoid receptor binding
sites were also present throughout all regions of the neocortex, where they showed a marked variation in
density between the primary, secondary and associational cortical regions: the greatest densities of receptors
were present in the associational cortical regions of the frontal and limbic lobes, with moderate densities in
the secondary sensory and motor cortical regions, and with the lowest densities of receptors in the primary
sensory and motor cortical regions. Relatively high concentrations of cannabinoid receptors were consist-
ently seen in cortical regions of the left (dominant) hemisphere, known to be associated with verbal language
functions. In all of the cortical regions, the pattern and density of receptor labelling followed the neocortical
laminar organization, with the greatest density of receptors localized in two discrete bands—a clearly
delineated narrow superficial band which coincided with lamina I and a deeper broader, conspicuous band
of labelling which corresponded to laminae V and VI. Labelling in the intervening cortical laminae (II–IV)
showed lower densities, with a well delineated narrow band of label in the middle of laminae IV in the
associational cortical regions. The thalamus showed a distinctive heterogeneous distribution of cannabinoid
receptors, with the highest concentration of receptors localized in the mediodorsal nucleus, anterior nuclear
complex, and in the midline and intralaminar complex of nuclei, i.e. in thalamic nuclei which have
connectional affiliations with the associational cortical areas. The basal ganglia showed a distinctive
heterogeneous pattern of receptor binding, with the very highest concentrations in the globus pallidus
internus, moderate concentrations in the globus pallidus externus and ventral pallidum, and moderately low
levels of binding throughout the striatal complex. In the midbrain, some of the highest levels of cannabinoid
receptor binding sites in the human brain were present in the substantia nigra pars reticulata, with very low
levels of labelling in all other midbrain areas. The highest densities of cannabinoid receptor binding in the
hindbrain were localized in the molecular layer of the cerebellar cortex and the dorsal motor nucleus of the
vagus, with moderate densities of receptors in the nucleus of the solitary tract. The spinal cord showed very
low levels of receptor binding. Studies on the distribution of cannabinoid receptors in the fetal and neonatal
human brain showed similar patterns of receptor distribution to that observed in the adult human brain,
except that the density of receptor binding was generally markedly higher, especially in the basal ganglia and
substantia nigra. The pattern of cannabinoid receptor labelling in the striatum showed a striking patchy
pattern of organization which was especially conspicuous in the fetal brain.
These results show that cannabinoid receptor binding sites in the human brain are localized mainly in:

forebrain areas associated with higher cognitive functions; forebrain, midbrain and hindbrain areas
associated with the control of movement; and in hindbrain areas associated with the control of motor and
sensory functions of the autonomic nervous system. The possible role of these receptors is discussed with
respect to the known behavioural and psychomotor effects of cannabinoids in humans. ? 1997 IBRO.
Published by Elsevier Science Ltd.
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Abbreviations: CP55,940, (cis)-3-[2-hydroxy-4-(1,1-dimethyl-
heptyl)phenyl](trans)-4-(3-hydroxypropyl)cyclohexanal;
Ä9-THC, Ä9-tetrahydrocannabinol.

Marijuana (Cannabis sativa) has long been recog-
nized as a centrally acting cannabinoid with wide-
spread effects on our higher cognitive functions. The
behavioural effects of cannabinoids in humans are
complex, consisting of both subjective and objective
effects. The subjective events include enhancement of
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the senses, errors in judgement of time and space,
emotional changes, irresistible impulses, illusions and
hallucinations (see Refs 12 and 33 for reviews). The
more objective responses include decreased psycho-
motor performance,50 an interference in attention
span and a loss of efficiency in memory.8,9,56 Thus,
cannabinoids affect both cognitive and motor func-
tions. The cognitive effects suggest that cannabinoids
may affect forebrain structures which are known
to play a major role in higher cognitive functions,
while the motor activities may be mediated by basal
ganglia, cerebellar and other motor regions of the
human brain.

Ä9-Tetrahydrocannabinol (Ä9-THC) has been
identified as the major psychoactive component of
marijuana.21 Synthetic cannabinoids, such as the
cannabinoid receptor agonist (cis)-3-[2-hydroxy-
4-(1,1-dimethylheptyl)phenyl](trans)-4-(3-hydroxy-
propyl)cyclohexanal (CP55,940), have been shown to
share many of the physicochemical properties and to
produce similar behavioural and physiological effects
to Ä9-THC.1,2,10,31,34–39,41, The synthetic cannabi-
noids inhibit adenylate cyclase via the guanine-
nucleotide protein (G protein) Gi.1,35,38 Binding
assays with [3H]CP55,940 show a saturable binding
site10,31 believed to be the recently cloned cannabi-
noid receptor,51 and thus [3H]CP55,940 has been
used to study the distribution of cannabinoid recep-
tors in a variety of quantitative autoradiography
studies on the mammalian brain.22,29–31,48,49

Although there have been detailed studies on the
distribution and localization of cannabinoid
receptors in the rat brain using [3H]CP55,940,29–31

there has been no detailed study on the overall
distribution of cannabinoid receptors in the human
brain except for preliminary observations by our-
selves22 and others31,48,49,61 showing high concen-
trations of cannabinoid receptors in the basal
ganglia, cerebellum and hippocampus. In order to
gain a better understanding of the widespread cog-
nitive and motor effects of cannabinoids, we have
undertaken a detailed quantitative study on the
anatomical distribution of cannabinoid receptors
throughout all major regions of the adult human
brain using quantitative receptor autoradiography
with the cannabinoid agonist [3H]CP55,940. In
addition, quantitative autoradiographic receptor
studies were also undertaken on the distribution
and density of cannabinoid receptors in the fetal and
neonatal brain in order to investigate the ontogenic
development of cannabinoid receptors in the human
brain.

EXPERIMENTAL PROCEDURES

Tissue collection

The human brain tissue used in these studies was
obtained from the New Zealand Neurological Foundation
Human Brain Bank in the Department of Anatomy,

University of Auckland. This study was performed under
ethical approval by the University of Auckland Human
Subjects Ethics Committee.
All subjects had previously been in good health, with no

known history of neurological disease or drug treatment,
and all had died suddenly without the opportunity of
receiving any form of medical treatment. The brains were
removed to the Department of Anatomy, University of
Auckland, immediately following autopsy. On arrival,
blocks were immediately selected from various regions of
the brain. The tissue blocks were frozen on dry ice, double
wrapped in tin foil and stored at"80)C prior to subsequent
autoradiographical processing as detailed below. The post
mortem delay in each case is described as the interval
between death and the freezing of the tissue blocks.
Post mortem human brains were obtained from one fetus

(33 weeks gestation), two neonates (aged three and six
months) and eight adult subjects (aged 21–81 years; average
age 55.6 years; see Table 1 for details). The interval between
death and the freezing of the tissue blocks (i.e. the post
mortem delay) ranged from 4.5 to 21 h (average 11.9 h).

Autoradiography

The autoradiograms were generated by incubating 16-µm
cryostat sections with 2.5 nM [3H]CP55,940 (Dupont/NEN;
specific activity 125 Ci/mmol), as previously described in
detail.22 In order to validate comparisons between brains
and between different regions in the same brain, the receptor
autoradiographic labelling procedures were undertaken
using standardized procedures. Accordingly, sections from
blocks of the various regions studied in the eight adult
human subjects were processed simultaneously using the
same stock incubation solutions and under the same con-
ditions. Similarly, sections from the fetal and neonatal
brains were processed together. Briefly, sections were incu-
bated for 2 h with 2.5 nM [3H]CP55,940 in a Tris–HCl
buffer (50 mM, pH 7.4) with 5% bovine serum albumin at
37)C. Non-specific binding was determined with the ad-
dition of 10 µM cold CP55,940. Incubation was terminated
and unbound ligand removed by washing twice in Tris–HCl
buffer (50 mM, pH 7.4) with 1% bovine serum albumin at
4)C for 2 h. The slides were placed in X-ray cassettes with
slide-mounted tritium micro-scale standards (RPA. 501 and
RPA. 505; Amersham) and exposed to tritium-sensitive
hyperfilm for 10 weeks. The films were then developed in
Kodak D19 for 4 min at 15)C, washed and fixed. The
autographic images were digitized by a solid state video
camera and Macintosh II computur-based system for quan-
titative densitometry using IMAGE software (Wayne
Rasband, Research Services Branch, National Institute of
Mental Health).

Table 1. Source of human tissue for cannabinoid receptor
autoradiography

Post
mortem
delay

Case Sex Age (h) Cause of death

FH1 M 33 weeks 21 Bowel obstruction
N1 M 3 months 13 Asphyxia
N2 F 6 months 17 Congenital heart disease
H47 M 81 years 5 Subarachnoid haemorrhage
H58 F 29 years 4.5 Asphyxia
H64 M 64 years 16 Myocardial infarction
H78 F 48 years 11.5 Myocardial infarction
H79 M 75 years 11 Myocardial infarction
H80 M 72 years 10 Myocardial infarction
H81 M 55 years 12 Myocardial infarction
H82 M 21 years 8.5 Asphyxia
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Myelin and cell staining
Following development of the autoradiograms, the slide-

mounted cryostat sections used to generate the autoradio-
grams were fixed in 10% formalin for 1 h and counterstained
for myelin with Luxol Fast Blue and for cells with Cresyl
Violet in order to delineate the various nuclear subdivisions
and cortical laminae using standard cytoarchitectonic and
myeloarchitectonic criteria. Precise identification of the
anatomical pattern of labelling was achieved by super-
imposing, at the same magnification, a projection of the
counterstained section on to a photographic print of the
corresponding autoradiogram.

RESULTS

The principal aim of this study was to precisely
define the anatomical localization and density of
cannabinoid receptors in all major regions of the
adult human brain and spinal cord. In addition,
studies were also undertaken on the distribution and
density of cannabinoid receptors in the fetal and
neonatal brain in order to investigate the ontogenic
development of cannabinoid receptors in the regions
of the human brain which contain some of the

highest concentrations of receptors in adults. In all
cases, cannabinoid receptors were demonstrated
using quantitative receptor autoradiography follow-
ing in vitro labelling of cryostat cut sections with
the synthetic cannabinoid agonist [3H]CP55,940. In
order to demonstrate the anatomical distribution of
cannabinoid binding sites in the brain and spinal
cord, after the development of the autoradiograms
the cryostat sections which were used to generate the
autoradiograms were stained for myelin and Nissl
substance. The pattern of autoradiographic receptor
labelling in the autoradiograms was then directly
compared to the anatomical pattern of fibre and
cell staining in the corresponding section. As shown
in Figs 1–7, this enabled the precise anatomical
localization of the pattern of labelling of cannabinoid
receptor binding sites using standard cytoarchitec-
tonic and myeloarchitectonic criteria. The density of
the receptors in each of the identified anatomical
regions was then determined using computerized
densitometry methods (see Table 2).

AC anterior commissure
Ag amygdaloid complex
Am nucleus ambiguus
AP area postrema
AV anteroventral nucleus of the thalamus
BSA bovine serum albumin
CA1 CA1 field of Ammon’s horn
CA2 CA2 field of Ammon’s horn
CA3 CA3 field of Ammon’s horn
CA4 CA4 field of Ammon’s horn
CaS calcarine sulcus
CC crus cerebri
CCN central cervical nucleus
CeM central medial nucleus of the thalamus
CeS central sulcus
CG cingulate gyrus
CGr central gray
Cl claustrum
CL central lateral nucleus of the thalamus
CM-Pf central median and parafascicular nuclei of the

thalamus
CN caudate nucleus
CoS collateral sulcus
Cu cuneate nucleus
DCN deep cerebellar nuclei
DMX dorsal motor nucleus of the vagus nerve
EC entorhinal cortex
G granular layer of the cerebellar cortex
Ga granular layer of the dentate gyrus
GP globus pallidus
GPe globus pallidus externus
GPi globus pallidus internus
Gr gracile nucleus
IC internal capsule
ICP inferior cerebellar peduncle
ICx insular cortex
IO inferior olivary nuclear complex
ITG inferior temporal gyrus
LCu lateral cuneate nucleus
LD lateral dorsal nucleus of the thalamus
LR lateral reticular nucleus
M molecular layer of the cerebellar cortex
MB mammillary body
MCx primary motor cortex
MD mediodorsal nucleus of the thalamus

MFG middle frontal gyrus
MGB medial geniculate body
ML medial lemniscus
Mo molecular layer of the dentate gyrus
MTG middle temporal gyrus
MTT mammillothalamic tract
MV medioventral nucleus of the thalamus
NST nucleus of the solitary tract
OTG occipitotemporal gyrus
P pontine nuclei
PaS parasubiculum
PD pyramidal decussation
PHG parahippocampal gyrus
PRC perirhinal cortex
PrS presubiculum
PT pyramidal tract
PTe planum temporale
Pu putamen
Ra raphe nuclei of the pons
RF reticular formation
RN red nucleus
S subiculum
SC superior colliculus
SCx primary somatosensory cortex
SG substantia gelatinosa
SNc substantia nigra pars compacta
SNr substantia nigra pars reticulata
TGH transverse gyrus of Heschl
VA ventral anterior nucleus of the thalamus
VH ventral horn of the spinal cord
Vip interpolar trigeminal nucleus
VL ventral lateral nucleus of the thalamus
VLa lateral vestibular nucleus
VMe medial vestibular nucleus
Vmo motor trigeminal nucleus
Vp principal trigeminal nucleus
VP ventral posterior nucleus of the thalamus
VPa ventral pallidum
VS ventral striatum
Vsp spinal trigeminal nucleus
XII hypoglossal nucleus

Cortical laminae are indicated by Roman numerals.
Brodmann’s areas are indicated by Arabic numerals.

Abbreviations used in the figures

Cannabinoid receptors in the human brain 301



Allocortex
Hippocampus
Dentate gyrus
Molecular layer 150&33
Granular layer 81&8
Polymorphic layer 44&10

Ammon’s horn
CA1
Stratum moleculare 74&36
Stratum lacunosum 115&26
Stratum radiatum 125&40
Stratum pyramidale 120&53
Stratum oriens 102&55

CA2
Stratum pyramidale 131&41

CA3
Stratum pyramidale 130&41

CA4
Stratum pyramidale 93&42

Subicular complex
Prosubiculum
Pyramidal cell layer 141&43

Subiculum
Pyramidal cell layer 131&33

Presubiculum
Layer II 127&50

Parasubiculum
Layer II 116&47

Entorhinal cortex
Layer I 127&42
Layer II 112&45
Layer III 126&38
Layer IV 107&38
Layers V and VI 125&38

Amygdaloid complex 102&19

Neocortex
Middle frontal gyrus
Layer I 113&7
Layers II, III and IVA 98&14
Layer IVB 114&9
Layer IVC 94&10
Layers V and VI 108&10

Motor cortex
Area 4
Layer I 42&11
Layers II–IV 29&14
Layers V and VI 42&15

Area 6
Layer I 44&5
Layers II, III and IVA 30&5
Layer IVB 39&7
Layer IVC 37&13
Layers V and VI 47&10

Somatosensory cortex
Area 1
Layer I 45&8
Layers II, III and IVA 31&10
Layer IVB 34&11
Layer IVC 29&8
Layers V and VI 35&7

Area 2
Layer I 40&10
Layers II, III and IVA 25&7
Layer IVB 31&6
Layer IVC 20&7
Layers V and VI 32&6

Area 3
Layer I 42&13
Layers II–IV 29&16
Layers V and VI 37&14

Table 2. The density of [3H]CP55,940 binding in the adult human brain and spinal cord (fmol/mg)

Visual cortex
Primary visual cortex (area 17)
Layer I 64&10
Layers II, III and IVB, C 24&10
Layer IVA 27&9
Layers V and VI 54&13

Secondary visual cortex (area 18)
Layer I 62&11
Layers II–IV 36&11
Layers V and VI 64&8

Cingulate gyrus
Layer I 102&12
Layers II, III and IVA 98&14
Layer IVB 111&15
Layer IVC 98&16
Layers V and VI 109&9

Auditory cortex
Primary cortex (area 41)
Layer I 79&9
Layers II–IV 41&10
Layers V and VI 59&9

Secondary cortex (area 22) left—Wernicke’s area
Layer I 93&27
Layers II, III and IVA 76&30
Layer IVB 93&28
Layer IVC 72&25
Layers V and VI 88&14

Secondary cortex (area 22) right
Layer I 78&17
Layers II, III and IVA 66&22
Layer IVB 84&19
Layer IVC 65&12
Layers V and VI 71&11

Middle temporal gyrus
Layer I 63&16
Layers II, III and IVA 48&17
Layer IVB 64&11
Layer IVC 50&13
Layers V and VI 70&14

Occipitotemporal gyrus
Layer I 75&14
Layer II 74&14
Layer III 75&14
Layer IV 56&20
Layer V and VI 79&14

Thalamus
Anteroventral nucleus 14&5
Central medial nucleus 18&5
Central lateral nucleus 14&15
Central median and parafascicular nuclei 35&27
Lateral dorsal nucleus 6&4
Mediodorsal nucleus 41&34
Medial geniculate body 23&21
Mammillothalamic tract 7&8
Medioventral nucleus 26&5
Ventral anterior nucleus 10&7
Ventral lateral nucleus 17&14
Ventral posterior nucleus 12&10

Hypothalamus
Mamillary body 21&13

Basal ganglia
Caudate nucleus 40&10
Putamen 44&8
Ventral striatum 33&9
Globus pallidus
Internal 92&16
External 72&19

Ventral pallidum 48&17
Claustrum 36&8

Continued
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The distribution and density of cannabinoid receptors
in the adult human brain and spinal cord

The results show that [3H]CP55,940 binding sites
are distributed in a heterogeneous fashion through-
out all major regions of the human brain and spinal
cord. As detailed in Table 2 and illustrated in Figs
1–5, the highest concentrations of cannabinoid recep-
tor binding sites in the human brain were found in
the allocortex, in the substantia nigra, globus pallidus
and cerebellum, and in regions of the association
cortex. The detailed distribution of receptors in all of
the major regions of the adult human brain and
spinal cord is outlined below.

Forebrain.

Allocortex. The allocortex contained some of the
highest concentrations of cannabinoid receptor bind-
ing sites in the human brain (Fig. 2B). The highest
densities of receptors in the allocortex were present
within the hippocampal formation, where they
showed a distinctive heterogeneous distribution. As
shown in Fig. 2B, very high concentrations of recep-
tors were present in the molecular layer of the dentate
gyrus, in the strata pyramidale of fields CA1, CA2
and CA3 of Ammon’s horn and in the subicular
complex (Table 2).
High concentrations of receptors were also present

in the entorhinal cortex (Fig. 2B) and amygdaloid
complex (Fig. 2C), although the binding was less
than that in the hippocampal formation. In the
perirhinal cortex lying in the floor of the collateral
sulcus, which is the transitional cortical region be-
tween the allocortex and neocortex (see PRC, Fig.
2B), the density of cannabinoid receptor binding
gradually decreased (Fig. 2B) to approach the lower,

moderately high levels of receptors in the im-
mediately adjacent neocortex which comprises the
occipitotemporal gyrus of the temporal association
cortex (Fig. 2B, Table 1).

Neocortex. Cannabinoid receptor binding sites
were present throughout all regions of the neocortex.
However, the density of receptor labelling varied
markedly between the primary, secondary and
associational cortical regions of the neocortex. In
general terms, as shown in the autoradiograms of
Figs 1 and 2 and in Table 2, the density of receptor
labelling was lowest in the primary sensory (somato-
sensory, visual and auditory; Figs 1B, E, F, 2A) and
primary motor (Fig. 1B) regions of the cerebral
cortex. Higher densities of receptors were consist-
ently present in the secondary sensory (somatosen-
sory, visual and auditory; Figs 1B, E, F, 2A) and
secondary motor (Fig. 1B) regions. The greatest
densities of receptors in the neocortex were present in
the associational cortical regions of the frontal lobe
(Fig. 1A) and limbic lobe (Fig. 1C). In addition,
relatively high concentrations of cannabinoid binding
sites were also seen in the cortical regions of the left
(dominant) hemisphere, known to be associated with
verbal language functions. For example, the density
of receptors in the planum temporale of the second-
ary auditory cortex in the left hemisphere, known as
Wernicke’s area (i.e. Brodmann’s area 22; Fig. 1E,
Table 2), was 10–19% greater than that in the corre-
sponding regions of the non-dominant right hemi-
sphere (Fig. 1F, Table 2), and was comparable to
that seen in the frontal and limbic associational
cortical regions detailed above.
In particular, in all of the cortical regions, the

pattern and density of labelling precisely followed the
neocortical laminar organization as demonstrated by

Midbrain
Substantia nigra, right 146&55
Substantia nigra, left 129&39
Crus cerebri 4&2
Red nucleus 8&9
Raphe nucleus 15&12
Reticular formation 16&11
Central gray 21&12
Superior colliculus 7&5

Pons
Pontine nuclei 6&2
Reticular formation 4&2
Motor trigeminal nucleus 15&3

Cerebellum
Molecular 106&15
Granular 27&8
Deep cerebellar nucleus 24&8

Table 2. Continued

Medulla
Dorsal motor nucleus of the vagus 87&29
Hypoglossal nucleus 35&9
Inferior olive 31&7
Cuneate nucleus 6&5
Gracile nucleus 7&5
Spinal trigeminal nucleus 7&5
Pyramidal tract 7&6
Nucleus of the solitary tract 30&18
Raphe nucleus 16&7

Spinal cord
Central cervical nucleus 26&8
Substantia gelatinosa 39&9
Ventral horn 30&11

The densities are expressed as means&S.D. of femtomoles of [3H]CP55,940 bound per mg of tissue. The values given for
each brain region were determined from a minimum of nine sections (three sections for each of at least three brains).
Which three or more brains were used was determined solely on the basis of tissue availability, and all brains labelled were
included in the analysis.
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the cytoarchitecture and myeloarchitecture of the
cortex. The laminar organization of the pattern of
cannabinoid receptor labelling in representative
regions of the neocortex is shown in Figs 1A–F and
2A–C and is detailed below.

In general, all regions of the neocortex showed a
clearly delineated, moderately dense band of labelling
in the most superficial region of the cortex, which
precisely coincided with lamina I (Figs 1A–F, 2A, B).
As detailed in Table 2, the density of labelling in

Fig. 1. Autoradiograms showing the distribution of cannabinoid receptors in the human cerebral cortex.
(A) Middle frontal gyrus. (B) Primary somatosensory cortex (postcentral gyrus, Brodmann’s areas 3, 1, 2)
and primary motor cortex (precentral gyrus, Brodmann’s areas 4, 6) on either side of the central sulcus.
(C) Cingulate gyrus. (D) Middle temporal gyrus. (E) Left primary auditory cortex (transverse gyrus of
Heschl, Brodmann’s area 41) and secondary auditory cortex (planum temporale, Brodmann’s area 22). (F)
Right primary auditory cortex (transverse gyrus of Heschl, Brodmann’s area 41) and secondary auditory

cortex (Brodmann’s area 22). Scale bar=1 cm.
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Fig. 2. Autoradiograms showing the distribution of cannabinoid receptors in the human occipital cortex,
temporal lobe and cerebellum. (A) Primary (Brodmann’s area 17) and secondary (Brodmann’s area 18)
visual cortex. (B) The temporal lobe, comprising of the hippocampal formation (consisting of the dentate
gyrus, Ammon’s horn, subicular complex and entorhinal cortex), perirhinal cortex, occipitotemporal
gyrus and inferior temporal gyrus. (C) The amygdaloid complex and adjacent parahippocampal gyrus and
occipitotemporal gyrus. (D) The cerebellum, comprising of the cerebellar cortex and deep cerebellar

nuclei. Scale bar=1 cm.
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lamina I was generally higher in the regions of the
association cortex of the frontal lobe (Fig. 1A,
middle frontal gyrus), limbic lobe (Fig. 1C, cingulate
gyrus) and temporal lobe (Fig. 2B, inferior temporal
gyrus and occipitotemporal gyrus) with generally
lower densities of binding sites in the primary motor
cortex (Fig. 1B) and in the primary sensory cortical
regions (for example, see Fig. 1B, primary somato-
sensory cortex, areas 3, 1, 2; Fig. 1E, F, primary
auditory cortex, area 41; Fig. 2A, primary visual
cortex, area 17).
A second, broader and more diffuse conspicuous

band of moderately dense labelling was also present
in the deeper region of all neocortical areas—this
band of receptor labelling corresponded to laminae V
and VI. This band of cannabinoid receptor labelling
was particularly conspicuous in the visual cortex
(Fig. 2A), especially in the secondary visual cortex
(Brodmann’s area 18). In general, as detailed in Table
2, in the sensory cortical regions the density of
receptor labelling in laminae V and VI was generally
greater in the secondary cortical regions compared
with the primary cortical regions; for example, com-
pare the density of autoradiographic receptor label-
ling between the secondary (area 22) and primary
(area 41) auditory cortices in Fig. 1E, and between
the secondary (area 18) and primary (area 17) visual
cortices in Fig. 2A. Quantitative analysis (Table 2)
showed that, as for the superficial band of canna-
binoid receptor labelling, the density of labelling in
the deep band of receptors was generally greatest in
regions of the association cortex (see, for example,
Fig. 1A, middle frontal gyrus; Fig. 1C, cingulate
gyrus; and Fig. 2B, inferior and occipital temporal
gyri): comparable binding densities were also seen in
laminae V/VI of the secondary auditory cortex (area
22) of the left (dominant) hemisphere (Wernicke’s
area; Fig. 1E, Table 2).
Labelling in the intervening middle laminae of the

cerebral cortex (laminae II–IV) varied markedly in
the pattern and density of receptors in different
neocortical regions. This was especially evident in the
pattern of labelling in lamina IV. For example,
careful comparison of the pattern of labelling in
lamina IV in the autoradiograms shows that all
regions of the association cortex are distinguished by
a very well delineated narrow band of label which
corresponds precisely to the middle of lamina IV, i.e.
to lamina IVB. This clearly demarcated band of
dense cannabinoid receptor binding in middle lamina
IV was especially evident in the prefrontal (Fig. 1A),
cingulate (Fig. 1C) and temporal (Figs 1D, 2B)
associational cortical regions. By contrast, this nar-
row band was generally not present in the primary
sensory (Figs 1B, E, F, 2A) and the primary motor
(Fig. 1B) neocortical regions, although a very faint
narrow band of label was just visible in laminae IVA
in the original autoradiogram of the primary visual
cortex (see region labelled IVA in Fig. 2A). A very
narrow band of cannabinoid receptor labelling in

lamina IV was also clearly delineated in the second-
ary somatosensory (Fig. 1B), secondary auditory
(Fig. 1E, F) and secondary motor (Fig. 1B) cortices.
The autoradiograms and quantitative analyses (Table
2) showed that the density of cannabinoid receptor
labelling in the middle laminae (II–IV) was generally
higher in the secondary motor, secondary sensory
and associational cortical regions in comparison to
the labelling in the primary sensory and motor re-
gions. In particular, in agreement with the general
pattern of receptor binding in the superficial (lamina
I) and deep (laminae V/VI) laminae of the neocortex
detailed above, the density of binding in the middle
laminae (laminae II–IV) was markedly greater in the
associational cortical regions compared with the
secondary cortical regions. The notable exception
was the consistently high level of binding in the
secondary auditory cortex in the dominant hemi-
sphere (Wernicke’s area), where the density of bind-
ing in all laminae was comparable to that in the
associational cortical regions.

Thalamus. The density of receptor labelling in the
thalamus was considerably less than that in the
cerebral cortex. However, as with other regions of
the human forebrain, the thalamus showed a distinc-
tive heterogeneous distribution of cannabinoid bind-
ing sites. Following the general pattern of labelling in
the neocortex, the highest concentrations of receptors
in the human thalamus were generally localized
within the thalamic nuclei, which have known con-
nectional affiliations with the associational cortical
regions. In particular, the highest densities of recep-
tors in the thalamus were present within the
mediodorsal nucleus (Fig. 3B, Table 2); as shown in
Fig. 3B, the pattern of labelling in the mediodorsal
nucleus showed a distinctive patchy distribution
which appeared to correspond to regions of higher
acetylcholinesterase staining seen in adjacent sec-
tions. Moderate densities of receptors were also
present within the anterior nuclear complex (antero-
ventral nucleus, Fig. 3A), and in the midline (medio-
ventral nucleus, Fig. 3A) and intralaminar (central
medial nucleus, Fig. 3A; central lateral, centre
median and parafascicular nuclei, Fig. 3B) complex
of nuclei. By contrast, very low densities of receptors
were present within: (i) the thalamic sensory ‘‘relay’’
nuclei, which are known to have close connectional
affiliations with the primary somatosensory cortex
(ventroposterior nucleus, Fig. 3B), primary auditory
cortex (medial geniculate body, Fig. 4D) and primary
visual cortex (lateral geniculate body); and (ii) within
the ‘‘motor’’ thalamic nuclei of the thalamus (ventral
anterior and ventral lateral nuclei, Fig. 3A, B), which
are known to receive afferents from the cerebellum
and basal ganglia and which connect with the
primary and secondary motor cortical regions.

Basal ganglia. The basal ganglia of the forebrain
showed a very distinctive heterogeneous pattern of
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cannabinoid receptor binding which corresponded to
the major anatomical nuclear components of the
basal ganglia. The striatum, which is the largest
nuclear complex of the basal ganglia and comprises
of the caudate nucleus, the putamen and the ventral
striatum, showed a moderately low level of canna-
binoid receptor binding (Fig. 4A–C). Careful exam-
ination of the pattern of receptor labelling in the
striatum suggests a patchy distribution of receptors,
especially in the caudal putamen at the level of the
lenticular nucleus (Fig. 4B, C). By contrast, the
globus pallidus, which is the other major nuclear
component of the basal ganglia, showed moderate to
very high densities of cannabinoid receptor binding
sites. The highest densities of receptors were present
in the internal segment of the globus pallidus (Fig.
4C). However, moderate densities of receptors were
present throughout the rostrocaudal extent of the
external segment of the globus pallidus (Fig. 4B, C)
and in the ventral pallidum, which is a ventral
subcommissural extension of the globus pallidus ex-
ternus lying immediately ventral to the transverse
limb of the anterior commissure (Fig. 4B). Closer
examination of the pattern of autoradiographic re-
ceptor labelling in the globus pallidus externus (Fig.
4B, C) revealed some regional variations in the
density and pattern of receptor binding; higher den-
sity patches appeared to be present in some regions,
with the highest density of labelling being present in
the rostrolateral region of the complex and with
lower densities of binding in the ventral pallidum
(Fig. 4B).
In addition, clearly delineated longitudinal bands

of receptor binding sites immediately medial to the
internal segment of the globus pallidus (see arrow-

heads in Fig. 4C) were consistently seen in all cases.
The pattern of labelling corresponded precisely to
heavily myelinated fibre bundles (identified by myelin
staining) coursing from the level of the lenticular
nucleus in the forebrain towards the rostral pole of
the substantia nigra in the midbrain.

Midbrain.

Substantia nigra. The substantia nigra consistently
showed very high levels of cannabinoid receptor
binding sites in all cases (Fig. 4D). In confirmation
of our previous findings,22 comparison of the auto-
radiograms with Nissl- and fibre-stained sections
showed that the region of dense receptor binding
corresponded with the pars reticulata of the substan-
tia nigra. By comparison, the pars compacta region
of the substantia nigra showed negligible levels of
receptor binding (Fig. 4D).

Other regions. In comparison to the very dense
receptor binding in the substantia nigra, the remain-
ing regions of the midbrain showed very low levels of
labelling. Only the central gray, raphe nucleus and
reticular formation showed significant binding above
background levels.

Hindbrain.

Pons. The raphe nucleus and central gray showed
low levels of receptor binding. Very low levels of
binding were present in other nuclear regions.

Cerebellum. Within the cerebellum, cannabinoid
receptor binding sites were mainly present within the
cerebellar cortex, with only very low densities of

Fig. 3. Autoradiograms showing the distribution of cannabinoid receptors in the human thalamus. (A)
The anterior region of the thalamus at the level of the mammillothalamic tract. (B) The mid-thalamic

level. Scale bar=1 cm.
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receptors in the deep cerebellar nuclei (Fig. 2D). The
cerebellar cortex was distinguished in the autoradio-
grams (Fig. 2D) by the presence of a conspicuous
solid band of high densities of receptors throughout
the full extent of the molecular layer. By contrast,
very low levels of receptor labelling were present in
the Purkinje cell layer and in the granular layer of the
cerebellar cortex.

Medulla. Cannabinoid receptor distribution in the
medulla was characterized by very high levels of
binding localized in the dorsal motor nucleus of the
vagus (Fig. 5B–E). Although receptor labelling was
present throughout the rostrocaudal extent of the
dorsal motor nucleus (Fig. 5B–E), there was a dis-
tinctive regional variation in the density of binding.
At the rostral level of the nucleus (Fig. 5B), two

Fig. 4. Autoradiograms showing the distribution of cannabinoid receptors in the human basal ganglia in
the forebrain (A–C) and midbrain (D). (A) Striatal complex at the level of the ventral striatum. (B)
Caudate–putamen–pallidal complex at the level of the ventral pallidum. (C) Putamen–pallidal complex at
the mid-level of the lenticular nucleus. (D) Substantia nigra in the midbrain. The arrowheads in C indicate
cannabinoid receptor binding sites in fibre bundles coursing from the level of the lenticular nucleus

towards the substantia nigra in the midbrain. Scale bar=1 cm.
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discrete high-density patches of binding were consist-
ently evident, and the caudal third of the nucleus
showed a homogeneous high density of receptor
labelling (Fig. 5D, E). The intermediate region of the
dorsal motor nucleus of the vagus showed a lower
and more heterogeneous pattern of receptor
labelling—less well defined moderate densities of

cannabinoid receptor binding were localized in two
patches of the medial region of the nucleus (Fig. 5C).
Moderate densities of receptor binding were

present throughout the full extent of the nucleus of
the solitary tract, with some regional variation in the
density of binding evident in the autoradiograms
(Fig. 5B–E).

Fig. 5. Autoradiograms showing the distribution of cannabinoid receptors in the human hindbrain (A–E)
and spinal cord (F). (A) Pons. (B) Upper medulla. (C) Middle medulla. (D) Lower medulla. (E)

Spinomedullary junction. (F) The first cervical level of the spinal cord. Scale bar=1 cm.
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Other nuclear groups in the medulla (hypo-
glossal nucleus, nucleus ambiguus, inferior olive,
lateral reticular nucleus, reticular formation) showed
moderately low densities of receptor binding. The
nuclei in the medulla associated with the somato-
sensory pathways (gracile nucleus, cuneate nucleus,
sensory trigeminal nuclear complex) showed the low-
est levels of receptor binding in the autoradiograms.

Spinal cord. The spinal cord was distinguished by
very low levels of receptor binding. Low densities of
receptors were present in the substantia gelatinosa,
the intermediate gray horn (excluding the central
cervical nucleus) and in the ventral horn. Other areas
showed no significant specific binding.

The distribution and density of receptors in the fetal
and neonatal human brain

In this study, in order to investigate the ontogenic
development of cannabinoid receptors in the human
brain, quantitative autoradiographic receptor studies

were also undertaken on regions of the fetal and
neonatal brain which contained some of the highest
concentrations of receptors in the adult brain.
Because of the difficulty in obtaining fetal and neo-
natal human tissue, only three cases were available—
one fetal brain (33 weeks gestation) and two neonatal
brains (aged three and six months; see Table 1 for
details)—and only a very small number of tissue
blocks were available for analysis. The results are
shown in Figs 6 and 7 and in Table 3.

Forebrain. The occipital cortex (Fig. 6A) and basal
ganglia (Fig. 7A–C) were the only regions of the
forebrain available for study.

Visual cortex. There was a laminar pattern of
distribution and density of cannabinoid receptors in
the neonatal visual cortex (Fig. 6A, Table 3). As in
the adult brain, the neonatal brain showed a clearly
delineated, moderately dense narrow band of label-
ling in the most superficial region of the cortex, which
corresponded to lamina I (Fig. 6A), and a second

Fig. 6. Autoradiograms showing the distribution of cannabinoid receptors in the neonatal human brain
(case N2; six months of age). (A) The occipital cortex. (B) The cerebellum. Scale bar=1 cm.
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broader and more diffuse conspicuous band of dense
receptor labelling which was localized in the deepest
laminae of the cerebral cortex, laminae V and VI
(Fig. 6A). The intervening middle laminae (laminae
II–IV) showed much lower densities of receptors and,
as in the adult human brain, a very faint narrow line
of receptor labelling was only just visible in laminae
IVA of the autoradiograms from the primary visual
cortex (Fig. 6A).

Basal ganglia. As in the adult human brain, the
neonatal brain (Fig. 7B, C) showed the same pattern
of high concentrations of cannabinoid receptors in
the various component nuclei of the basal ganglia.
However, in the neonatal brain the density of
cannabinoid receptors in the basal ganglia was on
average more than 40% higher in the globus pallidus
and 80% higher in the striatum than the concen-
tration of receptors in the basal ganglia of the adult

Fig. 7. Autoradiograms showing the distribution of cannabinoid receptors in the lenticular nucleus (A) of
the fetal human brain (case FH1; 33 weeks of gestation), and in the lenticular nucleus (B), striatal complex
(C) and midbrain (D) of the neonatal human brain (case N2; six months of age). The arrowheads in B
indicate cannabinoid receptor binding sites in fibre bundles coursing from the level of the lenticular

nucleus towards the substantia nigra in the midbrain. Scale bar=1 cm.
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brain. The highest concentration of receptors was
present in the internal segment of the globus pallidus
(135 fmol/mg), with somewhat lower levels in the
external segment (100 fmol/mg; Fig. 7B). The stria-
tum, comprising of the caudate nucleus, putamen and
ventral striatum (Fig. 7B, C), showed moderately
high levels of receptors (Table 3) and, as in the adult,
a patchy pattern of receptor labelling was evident in
the striatum (for example, see Fig. 7C). Just medial
to the globus pallidus internus, clearly delineated
longitudinal bands of receptor binding sites were
identified which corresponded to longitudinal cours-
ing bands of myelinated fibres passing from the level
of the lenticular nucleus to the substantia nigra pars
reticulata (see arrowheads in Fig. 7B).
As shown in Fig. 7A, the fetal brain showed

markedly higher densities of cannabinoid receptors in
the basal ganglia. In particular, the globus pallidus
internus showed a density of receptors (333 fmol/mg)
which was more than twice that in the neonatal brain
(135 fmol/mg; compare Fig. 7A and B). Also, the
density of receptors in the globus pallidus externus in
the fetal brain (146 fmol/mg) was 46% higher than
that in the neonatal brain. In addition, the density of
receptors in the putamen of the fetal brain (169 fmol/
mg) was double that in the neonatal brain, and
showed a very conspicuous patchy distribution of

cannabinoid receptors. The patchy pattern of label-
ling in the putamen of the fetal brain (Fig. 7A) was
considerably more striking than that in the neonate
(Fig. 7B) and adult (Fig. 4C) brains.

Midbrain. In comparison with the adult human
brain, all regions of the midbrain in the neonate
showed substantially higher levels of cannabinoid
receptors (compare Figs 7D and 4D, and Tables 3
and 2). In particular, the density of cannabinoid
receptors in the substantia nigra pars reticulata in the
neonate was especially high (181 fmol/mg), showing a
24% increase in density compared with the adult
substantia nigra pars reticulata. Also, the concen-
tration of receptors in the other major regions of the
midbrain (red nucleus, central gray, superior collicu-
lus) in the neonate averaged 148 fmol/mg, compared
with an average of 12 fmol/mg for the same areas in
the adult human brain.

Hindbrain.

Cerebellum. The cerebellum in the neonate showed
the same distinctive laminar pattern of cannabinoid
receptor labelling (Fig. 6B) that was evident in the
adult human brain (Fig. 2D). A very conspicuous
band of dense receptor labelling was present in the
molecular layer, where the density of labelling
(103 fmol/mg) was comparable to that in the adult
cerebellum (106 fmol/mg). Labelling in the other
regions of the neonatal cerebellum (granular layer,
Purkinje cell layer, deep cerebellar nuclei) was
comparable in density to the adult cerebellum.

DISCUSSION

This study represents the first detailed investigation
on the overall distribution of cannabinoid receptors
throughout the human CNS. The study has clearly
demonstrated a heterogeneous distribution of can-
nabinoid receptors throughout the adult human
brain and spinal cord. The results show that
cannabinoid receptor binding sites in the human
brain are localized mainly in: forebrain areas associ-
ated with higher cognitive functions; forebrain, mid-
brain and hindbrain areas associated with the control
of movement; and in hindbrain areas associated with
the control of motor and sensory functions of the
autonomic nervous system. As discussed below, of
particular interest is the correlation between the
anatomical pattern of cannabinoid receptor localiz-
ation in the allocortex, neocortex, thalamus, basal
ganglia, cerebellum and medulla with the known
effects of cannabinoids on higher cognitive and
motor functions.
The results of this study confirm and considerably

extend recent studies by ourselves and others on
the distribution of cannabinoid receptors in the
human basal ganglia, hippocampus and cerebel-
lum,22,31,48,49,61,72 and on the overall pattern of
cannabinoid receptors reported in primate and

Table 3. The density of [3H]CP55,940 binding in the neo-
natal human brain (fmol/mg)

Neocortex
Primary visual cortex (area 17)
Layer I 66&7
Layers II, III and IVA 19&7
Layer IVB 25&9
Layer IVC 19&9
Layers V and VI 61&11

Secondary visual cortex (area 18)
Layer I 62&14
Layers II–IV 29&15
Layers V and VI 56&14

Basal ganglia
Caudate nucleus 72&11
Putamen 86&18
Ventral striatum 73&16
Globus pallidus
Internal 135&20
External 100&15

Midbrain
Substantia nigra 181&26
Red nucleus 151&15
Central gray 157&11
Superior colliculus 137&13

Cerebellum
Molecular 103&13
Granular 29&9
Deep cerebellar nucleus 16&7

The densities are expressed as means&S.D. of femtomoles
of [3H]CP55,940 bound per mg of tissue. Because of the
difficulty in obtaining neonatal human brain tissue, the
values given are the average of two sections taken from
either case N1 or case N2.
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subprimate brains.29,30,31,59 In particular, our studies
confirm and extend the detailed quantitative auto-
radiographic receptor studies of Herkenham et
al.29–31 on the distribution of cannabinoid receptors
in the rodent brain, showing that the highest concen-
trations of receptors in the mammalian brain are
localized in the basal ganglia, cerebellar molecular
layer and hippocampal formation. Also the general
pattern of distribution of cannabinoid receptors
demonstrated here in the human brain is essentially
similar to that seen by Herkenham et al.30 in the
subprimate rodent mammalian brain; however,
because of the increased complexity and relative
massive enlargement of the human forebrain with the
resultant complex elaboration of the associational
cortical regions, the distribution of cannabinoid
receptors in the human forebrain shows a greater
complexity and a more detailed morphological
pattern to that seen in the rodent brain. For example,
in general agreement with our findings on the human
cerebral cortex, Herkenham’s detailed plots of recep-
tor density across the cortical surface in the rodent
brain30 showed that cannabinoid receptors were
localized in higher concentrations in the superficial
and deep laminae of the cerebral cortex. However, in
contrast to our findings detailed here in the human
brain, no distinct differences were identified in the
rodent30 between the densities of receptors in the
primary and secondary ‘‘associational’’ cortical re-
gions; presumably this is due to the fact that the
rodent cerebral cortex is relatively less differentiated
and shows little development of ‘‘true’’ associational
cortex compared with the highly elaborate human
cerebral cortex. Paralleling the development of the
human cerebral cortex, the human thalamus is also
more elaborate than the thalamus in the rodent
brain, and this is dramatically reflected in the ana-
tomical pattern and complexity in the distribution of
cannabinoid receptors demonstrated here in the
human thalamus. Thus, in comparison to the findings
in the rodent thalamus,30 our studies on the human
brain have shown that cannabinoid receptors are
present in highest concentrations in the mediodorsal
nucleus and anterior nuclear complex of the human
thalamus. Furthermore, as detailed below, these par-
ticular thalamic nuclei have close connectional affili-
ations with the associational cortical regions, which
are also enriched with cannabinoid receptors in the
human brain. Thus, it appears that in comparison to
the findings in the rodent brain,30 the increased
complexity in the distribution of cannabinoid recep-
tors demonstrated here parallels the phylogenetic
development of the mammalian forebrain.

Allocortex

Very high levels of cannabinoid binding were
found in the human allocortex, with especially high
levels in Ammon’s horn, the subicular complex and
the molecular layer of the dentate gyrus; high

concentrations of receptors were also present in the
entorhinal cortex and amygdaloid complex. The
role of the hippocampus and related allocortical
structures in the coding of sensory information16 and
the storage of memories66 is well established. Thus, it
may be that cannabinoids produce deficits in memory
function by interacting with cannabinoid receptors in
the hippocampus. Memory impairment has been
suggested to be the most frequently reported psycho-
logical deficit produced by the cannabinoids.56

Memory tasks requiring a delay in recall are affected
by cannabis use.14 Furthermore, marijuana intoxi-
cation slows the speed of processing of visual in-
formation from image-based memory to a more
permanent form, a process thought to be mediated by
the hippocampus.3 These effects in humans are par-
alleled by observations of decreased performance in
signal detection and discrimination tasks in rats and
primates.6,32,65 These deficits may be due to effects of
cannabinoids depressing neural activity, since studies
by Campbell et al.5 indicate that the transmission of
sensory information between the entorhinal cortex
and the dentate gyrus via the perforant path is
decreased during the action of Ä9-THC, and high
doses of cannabinoids both in vivo and in vitro
depress evoked responses.44,71 Furthermore, Heyser
et al.32 demonstrated the effects of Ä9-THC on
delayed match to sample performance in rodents to
be similar to the effects produced by damage to the
hippocampus and related structures, and correlated
to decreased hippocampal cell discharge during the
task performance. Thus, the very high levels of
cannabinoid receptors in the hippocampus and
subiculum may provide the anatomical basis of the
amnesic effects of cannabis.

Neocortex

Cannabinoid binding sites were also present
throughout all regions of the neocortex, where they
showed a marked variation in density between the
primary, secondary and associational cortical re-
gions. In general, the greatest densities of receptors
in the neocortex were in the associational cortical
regions of the frontal lobe (Fig. 1A), limbic lobe (Fig.
1C) and temporal lobe (Figs 1D, 2B), with moderate
densities of receptors in the secondary sensory and
motor cortical regions, and the lowest densities of
receptors in the primary sensory and motor cortical
regions. This study therefore shows that cannabinoid
receptors are localized in greatest density in the major
regions of the human associative neocortex, which
are involved with higher order cognitive functions.
The complexity of the effects mediated by canna-
binoid receptors on cortical function in these regions
is dramatically illustrated by the pattern of receptor
labelling in the autoradiograms, which show a corre-
sponding pattern in the anatomical laminar distri-
bution of the receptors in each of these cortical
regions in the human brain. Although cannabinoid
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receptors are present in all cortical laminae of the
associational cortices, there are quite distinct laminar
differences in the density of receptors which coincide
with the anatomical boundaries of the laminae. Thus,
laminae I, IVB and V/VI are characterized by clearly
delineated bands of very dense receptor labelling,
while laminae II/III are distinguished by lower den-
sities of receptors and sublaminae IVA and IVC are
characterized by very low levels of receptors. Since
the supragranular layers (i.e. laminae I–III) of the
cerebral cortex are thought to play a major role in
associative cortical functions via their pattern of
afferent and efferent connections with other cortical
regions in the homolateral and contralateral hemi-
spheres,42 cannabinoid receptors localized in these
superficial laminae may be involved in the modu-
lation of associative cortical activity crucial for
higher cognitive functions. By contrast, neurons in
the infragranular laminae (laminae V/VI) provide the
efferent (or motor) projections from the cerebral
cortex to subcortical regions of the brain and spinal
cord; therefore, the high-density bands of cannabi-
noid receptors localized discretely in laminae V/VI
are strategically located to enable cannabinoids to
modulate and monitor cortical efferent or ‘‘motor’’
activity. Finally, since lamina IV (the granular
lamina) is mainly concerned with receiving afferent or
‘‘sensory’’ information from subcortical thalamic
nuclei, the discrete dense band of cannabinoid recep-
tors shown in this study to be localized in the middle
of this layer (laminae IVB) in the frontal, limbic and
temporal association cortical regions (Figs 1A, C, D,
2B) suggest a possible role for cannabinoid receptors
in the modulation of subcortical ‘‘sensory’’ input to
the association cortex. The results of this study
therefore show that the localization of cannabinoid
receptors in the neocortex of the forebrain correlate
with the known observed complex effects of mari-
juana on cognitive and motor behavioural functions
in animals and humans (see Introduction). Indeed,
the complex psychoactive effects of marijuana on
higher order cognitive processing associated with
thought disturbances, difficulties in concentration
and the euphoria or cannabinoid ‘‘high’’ are also
likely to be mediated by the actions of cannabinoids
on receptors localized especially in neocortical as-
sociational regions. Furthermore, an ‘‘amotivational
syndrome’’ associated with cannabis use has been
suggested (for example, see Refs 43 and 52) and,
while being difficult to establish in humans,20,54,55

it has been supported in animal models60 and
could well be mediated by prefrontal cannabinoid
receptors.
An unexpected but very interesting result of our

studies on the cortical localization of cannabinoid
receptors was the finding of higher levels of receptor
binding in cortical regions of the left (dominant)
hemisphere, known to be associated with verbal
language functions, than in the corresponding region
of the non-dominant right hemisphere. These

findings suggest that cannabinoid receptors show
lateralization in the human forebrain and that they
may play a role in verbal language control mech-
anisms. Indeed, subtle difficulties with speech have
been reported in users of marijuana;70 however, as
suggested70 this may be due more to interference with
retrieval of information from immediate memory
storage rather than specific effects on language con-
trol regions. Nevertheless, the action of cannabinoids
at these language processing centres may additionally
contribute to this effect.

Thalamus

The pattern of cannabinoid receptor distribution in
the thalamus corresponds closely to the pattern of
receptor distribution in the neocortex. In particular,
the highest concentrations of receptors in the
thalamus are localized within thalamic nuclei which
are known to have very close connectional affiliations
with the regions of the cortex which show the highest
concentraitons of cannabinoid receptors, i.e. the
associational cortical regions. For example, relatively
high concentrations of cannabinoid receptors in the
thalamus are localized within the mediodorsal
nucleus and the anterior nuclear complex, which are
closely associated with the prefrontal associational
cortex and the limbic cortex (including the cingulate,
subiculum and retrosplenial cortex), respectively.42

Furthermore, moderate densities of cannabinoid
receptors were present within the midline and intra-
laminar complex of the thalamic nuclei, which are
known to provide diffuse projections to widespread
regions of the neocortex.28,42 Interestingly, the pro-
jections from the intralaminar nuclei are known to
terminate within laminae V and VI of the entire
cerebral cortex,28 which this study has shown to be
selectively enriched with cannabinoid receptors
throughout all cortical regions. By contrast, and
corresponding with the low level of receptor binding
in the primary sensory and motor cortical regions,
very low concentrations of receptors were found
in: (i) the thalamic primary sensory ‘‘relay’’ nuclei,
which have close connectional affiliations with the
primary somatosensory cortex (ventral posterior
nucleus), primary auditory cortex (medial geniculate
body) and primary visual cortex (lateral geniculate
body); and (ii) the ventral anterior–ventral lateral
motor thalamic nuclei, which are connected with the
primary and secondary motor cortical regions.42

In summary, there is a corresponding pattern of
cannabinoid receptor distribution in the neocortex
and thalamus, with the highest concentrations of
receptors being localized in those forebrain regions
which are concerned with ‘‘associative’’ or cognitive
functions. This anatomical distribution of receptors
corresponds with the known widespread complex
cognitive effects of cannabinoids (for a review see
Ref. 12).
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Basal ganglia and cerebellum

The effects of cannabinoids on motor activity have
been well characterized (see Ref. 12 for a review). In
the majority of species studied, cannabinoids lead to
a depression of motor activity, characterized by static
ataxia in dogs13,69 and monkeys.15,27 In these
animals, as well as in mice, this depression is
accompanied by a state of hyper-reflexia. High doses
lead to catalepsy in rats27 and mice.46 Furthermore,
Ä9-THC injected directly into the caudate nucleus,
but not into the globus pallidus, causes catalepsy in
rats.23 Thus, it is not surprising to find high densities
of receptors within the regions of the brain involved
in the control of movement, namely the basal ganglia
and cerebellum. In these regions, as in others, the
general distribution of cannabinoid binding sites was
very closely related to that observed in the rat
brain.30 However, in the rat brain the region of the
caudate nucleus which receives afferent inputs from
the primary sensory and primary motor cortex in the
rat71 (i.e. the dorsolateral sector of the head of the
caudate–putamen) is greatly enriched with receptors,
compared to lower levels in the ventromedial sector
of the striatum. No gradient in receptor levels was
identified in this study, confirming the finding of
Herkenham et al.31 in suggesting that this lateral to
medial gradient may be a unique feature of the
rodent brain.
As in the rat,30 and confirming recent studies in the

human,22,61,72 the outflow nuclei of the human basal
ganglia exhibit extremely high levels of cannabinoid
receptor binding, with the highest levels being
observed in the internal segment of the globus
pallidus and the substantia nigra pars reticulata. In
our studies, the substantia nigra pars reticulata
showed some of the highest densities of binding in the
human brain. Previous studies have suggested that
the cannabinoid receptors in the globus pallidus and
substantia nigra are localized on the terminals of
striatal projection neurons by rat lesion studies29 and
in studies on the pattern of receptor losses in
Huntington’s disease.22,61 This has also been further
confirmed by receptor mRNA studies showing
cannabinoid receptor gene expression in the striatum
but not in the globus pallidus or substantia nigra.48,72

In particular, further confirmation that the high-
density of cannabinoid receptors in the basal ganglia
are localized to the striatopallidal and striatonigral
projection neurons is provided by two further lines of
evidence. First, by the mRNA studies of Westlake
et al.72 in the normal and aged human brain showing
that, in the striatum, cells expressing cannabinoid
receptor mRNA belong to the population of medium-
sized striatal neurons which are well established as the
neuronal population which provides the GABAergic
striatal efferent projections to the globus pallidus and
substantia nigra. Second, the presence of moderate
densities of cannabinoid receptors along the trajec-
tory of the GABAergic striatonigral projection

pathway in the human31 (Figs 4C, 7B) and rat.29,30

This labelling presumably represents receptors in
transit in striatonigral fibres en route to terminals in
the substantia nigra pars reticulata and suggests that
there may be a high turnover of cannabinoid recep-
tors on striatal efferent terminals in the substantia
nigra. These various findings suggest that endogen-
ous cannabinoids may have a role in modulating the
release of GABA from striatal efferent terminals in
the globus pallidus and substantia nigra, and there-
fore suggest a role for cannabinoids in the control of
movement and possibly in the therapeutic treatment
of hyperkinetic neurodegenerative basal ganglia
diseases58 such as Huntington’s disease.57

Medulla

The highest concentrations of cannabinoid recep-
tors in the medulla were localized in the dorsal motor
nucleus of the vagus (Fig. 5B–E), which provides the
preganglionic parasympathetic motor innervation of
the foregut and midgut, and in the nucleus of the
solitary tract, which receives sensory afferent fibres
from the autonomic nervous system. The distribution
of receptors in the dorsal motor nucleus of the vagus
showed a distinctive heterogeneous pattern, which
appears to correspond to specific cytoarchitectural
and chemoarchitectural subnuclei of the nucleus re-
cently described by Huang et al.40 in a detailed study
of the nuclear subdivisions of the dorsal motor
nucleus of the vagus in the human brain. For
example, the two distinct high-density patches of
receptor binding in the rostral region of the nucleus
(Fig. 5B) appear to correspond to the dorsorostral
and ventrorostral subdivisions, while the high density
of receptors in the caudal third (Fig. 5D, E) appears
to correspond to the caudal subnucleus. Although
little is known about the functional importance of
these nuclear subdivisions in the human dorsal motor
nucleus of the vagus, studies in the rabbit and pigeon
have shown that the subnuclei in the rostral regions
of the nuclear complex innervate the abdominal
organs and lungs, and the caudal region innervates
the oesophagus (for a review see Ref. 40). Although
there has been little study to date on the effects of
cannabinoids on the autonomic nervous system, the
high density of cannabinoid receptors identified in
the autonomic medullary nuclei in this study would
clearly suggest a role for cannabiniods in the control
and modulation of motor and sensory fuctions of
the human autonomic nervous system. Some of the
physiological actions of cannabinoids which may be
attributed to these hindbrain structures include
tachycardia, hypotension and dry mouth.12 In ad-
dition, cannabinoids have a well established anti-
emetic effect following cancer chemotherapy (see Ref.
67), although the mechanism of this effect is poorly
understood. Studies in the cat suggest that nabilone,
a cannabinoid analogue, produces its anti-emetic
effects within the cerebral cortex by inhibiting the
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vomiting control mechanism located in the medulla
oblongata via its descending corticomedullary path-
ways.47 Furthermore, the anti-emetic effect and
appetitite-stimulating properties of cannabis suggest
that cannabinoids may be useful in the treatment of
AIDS patients (for example, see Refs 4 and 45).
Wasting is the leading cause of death for AIDS
patients, making the potential of cannabinoids to
stimulate appetite in these patients of particular
therapeutic importance.

Ontogeny of cannabinoid receptors

Due to the small numbers of cases available for
this study, it is not possible to draw any definitive
conclusions on the precise levels of cannabinoid
receptor binding within the developing human brain.
Also, since the fetal/neonatal and adult human tissue
was not processed together, considerable care must
be taken in comparing the results of the fetal/
neonatal studies with the results in the adult human
brain. However, it is clear from this study that
cannabinoid receptors are present in the prenatal and
neonatal brain at levels which are substantially
higher than those seen in the adult human brain. In
particular, the basal ganglia in the fetal and neonatal
brains showed a very conspicuous patchy pattern of
receptors in the putamen, and extremely high levels
of binding were present in the globus pallidus inter-
nus (Fig. 7A) and within the substantia nigra pars
reticulata. The striking patchy pattern of CP55,940
binding sites in the fetal human striatum (Fig. 7A)
suggests that cannabinoid receptors may be distrib-
uted in the same heterogeneous striosome/matrix
compartmental fashion that has been shown to be a
characteristic feature of the distribution of a wide
variety of neurotransmiiters, receptors and other
neurochemical markers in the neostriatal complex
in the adult human17–19,68 and other mammalian
brains.25 Indeed, the finding that this patchy pattern
of receptor distribution in the striatum is especially
conspicuous in the fetal brain (Fig. 7A) and is less
pronounced in the neonatal (Fig. 7B, C) and adult
(Fig. 4A–C) human brains is consistent with other
studies showing that the intensity and pattern of
other neurochemical markers in the striatum changes
during development24,26 and may be related to the
organization of the modular development of the
dopamine-containing innervation of the striatum.24

Also of interest was the finding of very high levels
of receptors in the neonatal red nucleus and peri-
aquaductal gray regions, areas which demonstrate
minimal binding in the adult. This study therefore
differs from a previous study, which showed
cannabinoid receptors in the neonatal human brain
to be present at similar levels to the adult.48

These results are in good general agreement with
studies on the ontogeny of cannabinoid receptors
in the rodent brain. The presence of cannabinoid
receptors in the rat brain has been demonstrated
from early postnatal ages.53,64 The receptors exhibit a
progressive increase in number, maximizing on post-
natal days 30–40 and then subsequently decreasing to
adult values. A role for cannabinoids in development
has been suggested by several studies. Cannabinoid
receptors exhibit a temporary presence in the sub-
plate zone during development in kittens,7 and pre-
natal exposure to cannabinoids has been found to
markedly affect the maturation of several brain
dopaminergic systems.62,63 This study therefore con-
firms the presence of cannabinoid receptors within
the developing brain, and suggests that further,
more detailed studies are neccessary in order to
elucidate the role of cannabinoids in the developing
fetal brain.

CONCLUSION

The results of our detailed quantitative autoradio-
graphic studies show that cannabinoid receptors are
heterogeneously distributed in a similar pattern in the
fetal, neonatal and adult human brains. The high
concentrations of receptors in motor and cognitive
regions of the brain correlates well with the known
behavioural, psychomotor and psychological effects
of cannabis. Further studies determining the distri-
bution and action of putative endogenous ligands
such as anandamide11 for this receptor in the human
brain should provide a better understanding of the
physiological role of cannabinoid receptors in
the CNS.
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Epidemiology and historical aspects 
of Huntington’s disease

Huntington’s disease (HD) is a progressive neurodegen-
erative disorder usually beginning in midlife with the 
characteristic triad of motor, cognitive and psychiatric 
symptoms. Dr George Huntington first described motor 
dysfunction as well as the neuropsychiatric aspects of 
self-awareness and sexual inhibition in 1872.1 Genetic 
and clinical data from the Venezuelan kindreds in the 
region of Lake Maracaibo represent the largest and best-
characterized HD population. In these families in 1983, 
the unstable huntingtin gene (IT15) was located on the 
short arm of chromosome 4. In 1993, the disease was 

substantiated by DNA evidence – a pathological expan-
sion of CAG trinucleotide repeats.2 The prevalence of HD 
varies significantly between geographical regions, with 
lower incidence in Asian populations. The reported prev-
alence of HD has increased in Western countries over the 
past 50 years to 9.71 per 100,000, owing to better detec-
tion, management of the disease and social inclusion.3

Huntington’s disease: 
Neuropsychiatric manifestations  
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Conclusions: Neuropsychiatric symptoms can precede the classic motor clinical symptoms of HD (prodromal HD) 
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manifestation of neuropsychiatric symptoms.
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Diagnosis

The mean age of diagnosis is 49 years.4 HD can be diag-
nosed on the basis of family history and motor symp-
toms, with progression and severity of the illness 
generally measured by motor deterioration and 
detailed neuropsychological assessment of cognition. 
It is listed in the Diagnostic and Statistical Manual of 
Mental Disorders 5 as Major or Mild Neurocognitive 
Disorder Due to Huntington’s Disease, in the ICD-10 as 
HD (code G10), and new diagnostic criteria have been 
proposed.5

HD is transmitted as an autosomal-dominant trait with 
high penetrance.6 Since localisation of the HD gene, 
genetic testing via a highly accurate blood test is also 
available. A cut-off score of 40 or more CAG repeats is 
used to determine a positive test (those who will eventu-
ally become symptomatic with HD, should they live 
long enough; see Table 1). There is an inverse relation-
ship between the length of the repeat and the age of 
onset, with those having longer CAG repeats having ear-
lier onset. However, CAG repeat length does not reliably 
indicate the course or symptoms of illness.

Diagnostic testing can determine the nature of clinical 
presentation and guide treatment decisions. Specialist 
neurological assessment is advised as well as neuropsy-
chological and neuroimaging assessment, as well as 
ensuring appropriate ongoing treatment (such as refer-
ral to a specialist clinic).

Predictive testing is also available for those at risk for HD, 
usually those with a family history. Standard procedure 
entails education, genetic counselling, psychiatric assess-
ment if necessary and follow-up (refer to the report by 
Trembath et al. on 15 years of HD predictive testing in 
Australia7).

For all genetic testing, it is crucial to obtain informed 
consent from the patient, and also be mindful that other 
family members are potentially affected by the test 
results, with possible ramifications for employment and 
insurance policies. While genetic testing is a voluntary 
process, adverse reactions to positive results and fears 
about genetic discrimination are not uncommon.8,9 
Genetic testing is also available in prenatal planning via 
chorionic villus sampling and amniocentesis, and in 
conjunction with in vitro fertilisation.10

Neuropathology and biomarker 
investigations

Gradual atrophy of the striatum (caudate and putamen) 
due to neuronal loss is the neuropathological and neuro-
radiological hallmark of HD. Specific loss of medium 
spiny neurons in the dorsal striatum, expressing either 
Dopaminergic type 1 or 2 receptors, is seen as the basis 
for the clinical phenotype with disease progression (see 
Figure 1). Other neuronal loss eventuate to generalised 
cerebral atrophy. The exact mechanism of HD pathogen-
esis is currently unknown, but putative theories include 

Table 1. CAG repeats used in genetic testing

CAG repeats

Normal chromosomes
Individuals with these alleles will not develop HD.

⩽ 26 CAG repeats (less than or 
equal to 26 CAG repeats)

Intermediate alleles
These are associated with a normal phenotype, but unstable alleles are prone to changes 
during reproduction and new mutations for HD can arise from intermediate alleles, 
particularly with paternal transmission.

27 to 35

Zone of reduced penetrance / increased risk range
The majority of people will manifest HD within their expected lifetime, but potentially 
with slower disease progression, less severity and at a later age. Some individuals with 
these CAG numbers might not develop HD. There is a risk that offspring will develop HD.

36 to 39

HD
All individuals with these HD alleles will eventually develop symptoms of HD, should 
they live long enough.

⩾ 40 CAG repeats (greater than 
or equal to 40 CAG repeats)

Juvenile HD
A variant which typically manifests in teenage years and is associated with paternal 
inheritance. Behavioural symptoms and learning difficulties are often the first signs. 
Motor symptoms may resemble parkinsonism, and epileptic fits often occur.

>60

Note: these numbers may vary slightly between different laboratories and regions.

HD: Huntington’s Disease.
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excitotoxicity, oxidative stress, impaired energy metabo-
lism, mitochondrial dysfunction, inflammatory events, 
apoptosis, autophagy, abnormal protein–protein inter-
actions, disruption of dopamine, glutamate, cannabi-
noid and adenosine systems.11

Brain imaging is a recommended part of diagnostic 
assessment. Magnetic Resonance Imaging (MRI) studies 
reveal characteristic atrophy of the putamen, caudate 

and globus pallidus in HD patients. Frontostriatal or cor-
ticostriatal MRI atrophy (particularly caudate and puta-
men) have been implicated as a useful marker for disease 
progression.12 Clinically, measuring inter-caudate dis-
tance against the inner aspect of the skull, or the frontal 
span of the lateral ventricle, are useful methods for iden-
tifying caudate atrophy (see Figure 2). Significant cere-
bral cortical grey and white matter loss in patients with 
HD is also common, particularly in frontal zones.13

Other investigations that are used to characterise HD but 
are not common in the general clinical setting include 
functional imaging (e.g. single-photon emission com-
puted tomography (SPECT), positron emission tomogra-
phy (PET) and functional MRI (fMRI). Recent findings in 
cerebrospinal fluid (CSF) studies suggest the potential 
utility of neurofilament light (a marker of neuronal 
degeneration) for determining and monitoring HD.15 
Other diagnostic work-up includes serum and CSF anal-
ysis to exclude other causes of symptoms (see Table 2 for 
common differential diagnoses).

Clinical features of HD

There is variability in the clinical phenotype with respect 
to timing of onset, symptoms and progression of cogni-
tive, motor and neuropsychiatric symptoms, and of fre-
quent weight loss and sleep disturbances. Comprehensive 
batteries of self-report and objective measures have been 
used in several multi-site longitudinal observational 
studies of HD, which provide a detailed insight into the 
natural history of HD and measure the outcome of pro-
spective treatments. These studies include PREDICT-HD, 
TRACK-HD, COHORT and the ongoing project 
Enroll-HD.16–19

Figure 1. Clinical progression and correlates of Huntington’s Disease.
Common clinical features of Huntington’s Disease and their pathological correlates are demonstrated. MSN: medium spiny 
neurone expressing either dopaminergic receptor type 1 (D1) or 2 (D2).

Figure 2. MRI brain comparison and measurements in 
control person and person with Huntington’s Disease.
Anatomical landmarks of the basal ganglia (putamen in blue and 
caudate in red) are shown on the normal T1 axial MRI (left), with 
measurement markers of atrophy (CC: inter-caudate distance; FH: 
frontal horn distance of lateral ventricles; IT: inner table of skull). 
In contrast, severe caudate and frontal-predominant global 
atrophy are demonstrated in an MRI of Huntington’s Disease 
(right). MRI for Figure 2 is created by the authors with adapted 
measurements from Ho et al.14
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Motor symptoms

There may be abnormal movements or subtle clumsy 
and awkward movements evident early in the onset of 
HD, which may not be reported as symptoms. This pre-
motor stage is often called the prodromal, preclinical, 
pre-symptomatic or asymptomatic phase, or ‘preHD’. 
Once the classic involuntary motor symptoms and 
signs are evident, usually beginning with chorea, the 
terms symptomatic or manifest HD are used. These 
motor symptoms progressively worsen during the 
course of the disease, and cause significant difficulties 
for activities of daily life and function, resulting in 
increasing disability (see Table 3).

Cognitive symptoms of HD

The cognitive symptoms in HD primarily reflect a form of 
subcortical dementia characterized by memory deficits, 
psychomotor slowing and impairment in executive, per-
ceptual and spatial skills.20 Memory problems arise from an 
inefficient memory strategy for acquiring and retrieving 
memories rather than a primary disorder of retention, and 

thus may reflect executive dysfunction. As HD advances, 
the ability to communicate diminishes. Common speech 
difficulties include dysarthria, with poor articulation and 
slurring of words, slow production of words, poor speech 
initiation and difficulty organising thoughts.

Psychiatric manifestations: the 
behavioural and psychological 
symptoms of HD (BPSHD)

Since the first description of HD, behavioural, emotional 
and psychiatric symptoms have been a core feature of 
the illness. Pre-symptomatic HD gene carriers exhibit a 
greater prevalence of psychiatric symptoms, particularly 
affective disturbances, which can precede the classical 
motor symptoms by up to a decade.21 The BPSHD have 
been considered the presenting symptoms of HD in up 
to half of all people with HD. In symptomatic HD 
patients, it is estimated that up to 73–98% of HD patients 
will have a major psychiatric disorder or psychiatric 
symptoms.22,23 Not all symptoms are experienced by all, 
and symptoms can wax and wane. See Table 4 for the 
common neuropsychiatric symptoms, including BPSHD. 

Table 2. Differential diagnoses for chorea

Hereditary/phenocopies

Neuroacanthocytoses 
Benign hereditary chorea

 Dentatorubral-pallidoluysian atrophy (DRPLA)
 Wilson’s disease
 Huntington’s Disease-like syndromes type 1–3
 Neurodegeneration with brain iron accumulation
 Friedreich ataxia
 Spinocerebellar ataxia (SCA)
Systematic disorders Polycythaemia
 Systemic lupus erythematosus (SLE)
 Thyrotoxicosis
 Hyperglycaemia
 HIV infection/AIDS
 Paraneoplastic
 Creutzfeldt–Jakob disease
 Mitochondrial disease
 Paediatric autoimmune neuropsychiatric disorders associated with streptococcal infections 

(PANDAS)
 Antiphospholipid syndrome
Drug-induced Drugs (e.g. antipsychotics and recreational stimulants)
 Oral contraception drugs
 Phenytoin
 Levo-dopa
Rheumatic disorders Chorea gravidarum
 Sydenham chorea
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The impact of the BPSHD extends to both the person 
with HD and caregivers, and makes a large contribution 
to disease burden, lower quality of life, distress, social 
isolation and functional decline, often more than the 
motor or cognitive symptoms, and increases costs of 
care. However, the BPSHD are amenable to targeted 
intervention (both nonpharmacological and pharmaco-
logical), which can potentially delay institutionalisation 
and reduce associated high healthcare costs (see the sec-
ond paper in this series regarding treatment).24 No cor-
relation between the presence of psychiatric symptoms 
and CAG repeat size has been found.25 There are likely 
multiple causes of the BPSHD, with underlying factors 
including a combination of neurobiological, cognitive, 
psychological, social and environmental factors. 
Detailed knowledge of the BPSHD leads to earlier and 
more accurate diagnosis and appropriate management.

Advanced stage and death

HD is a progressive neurodegenerative disorder that 
leads to increasing amounts of disability and  

dependency, ultimately leading to death. Motor symp-
toms of advanced HD typically include prominent 
bradykinesia, dystonia and rigidity, and increased mus-
cle tone may result in joint contractures. Choreiform 
movements lessen but may persist in the orobuccal 
region and the extremities. Double incontinence can 
occur, and cachexia (wasting) can become manifest in 
advanced HD. Swallowing is severely impaired, and to 
prevent aspiration and the significant weight loss asso-
ciated with the later stages of disease, nasogastric or 
percutaneous endoscopic gastronomy (PEG) is often 
implemented. In the late stages, the person with HD 
presents with severe dementia, and is usually confined 
to a wheelchair or bed and reliant on high-level nurs-
ing care. Pressure sores are common due to increased 
immobility, but there are specialised furniture designed 
to lessen pressure sore risk and falls. The median sur-
vival is 24 years from diagnosis, with aspiration pneu-
monia the most common cause of death. Other causes 
include heart disease, nutritional deficiencies, skin 
ulcers, cardiovascular-related events and suicide (6–
7%).4

Table 3. Motor symptoms of Huntington’s Disease (HD)

Chorea
The onset of involuntary 
choreiform movements in 
early to middle age (30s–
50s) is pathognomonic 
of HD

•  Typically rapid, non-purposeful and non-repetitive contractions involving the orofacial and 
truncal areas and the limbs worsen with anxiety and tend to be absent during sleep

•  May be intermittent and more obvious when the person is distracted with motor or mental 
tasks

• More irregular, intermittent and asymmetric compared to athetosis or myoclonus
• Chorea often worsens with disease progression
•  In advanced stages of HD, chorea may plateau or decline and rigidity and parkinsonian-like 

features occur more often
Common manifestations include:
•  pouting, grimacing and twitching of cheeks
•  lifting of the eyebrows
•  head nodding
•  irregular breathing
•  fingers and toes flexion and extension (e.g. piano playing fingers, twitchy toes)
•  crossing and uncrossing of the legs
•  truncal restlessness

Dystonia, ataxia and 
bradykinesia

More common as the disease progresses
Dystonia may manifest as:
•  abnormal posturing of the extremities and head
•  internal shoulder rotation
•  sustained fist clenching
•  knee flexion
•  foot inversion

Gait disturbances • Ataxic wide-based gait
• Impaired heel–toe walking
• Increased falls

Eye movement 
abnormalities

• Pursuit
• Saccade initiation and velocity
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 c

or
te

x,
 o

rb
ito

m
ed

ia
l 

pr
ef

ro
nt

al
 c

or
te

x 
an

d 
do

rs
om

ed
ia

l 
pr

ef
ro

nt
al

 c
or

te
x.

De
pr

es
si

on
De

pr
es

si
on

 c
an

 p
re

ce
de

 th
e 

on
se

t 
of

 m
ot

or
 s

ym
pt

om
s 

of
 H

D 
by

 m
an

y 
ye

ar
s.

De
pr

es
si

on
 is

 th
e 

m
os

t c
om

m
on

 a
nd

 
ea

rli
es

t s
ym

pt
om

s 
pr

io
r t

o 
th

e 
m

ot
or

 
on

se
t.

Ap
pr

ox
im

at
el

y 
ha

lf 
of

 p
eo

pl
e 

af
fe

ct
ed

 w
ith

 H
D 

ar
e 

di
ag

no
se

d 
w

ith
 

de
pr

es
si

on
, a

nd
 m

os
t a

re
 tr

ea
te

d 
ph

ar
m

ac
ol

og
ic

al
ly.

Th
e 

pr
ev

al
en

ce
 o

f d
ep

re
ss

io
n 

va
rie

s 
ac

ro
ss

 s
ta

ge
s 

of
 H

D.
 T

he
re

 
is

 a
n 

in
iti

al
 p

ea
k 

of
 in

ci
de

nc
es

 in
 

th
e 

ea
rly

–m
id

dl
e 

m
an

ife
st

 s
ta

ge
s,

 
fo

llo
w

ed
 b

y 
gr

ad
ua

l r
ed

uc
tio

n 
to

w
ar

ds
 th

e 
la

te
r s

ta
ge

s.

Se
e 

ab
ov

e.
As

se
ss

m
en

t m
ay

 b
e 

co
m

pl
ic

at
ed

 b
y 

ov
er

la
p 

be
tw

ee
n 

th
e 

m
an

ife
st

at
io

ns
 o

f a
pa

th
y 

an
d 

de
pr

es
si

on
.

Th
e 

id
en

tif
ic

at
io

n 
an

d 
tre

at
m

en
t o

f t
he

se
 

co
m

or
bi

d 
co

nd
iti

on
s 

is
 im

po
rta

nt
.

Ge
ne

 c
ar

rie
rs

 a
re

 m
or

e 
lik

el
y 

to
 e

xh
ib

it 
de

pr
es

si
ve

 s
ym

pt
om

s 
th

an
 a

t-r
is

k 
no

n-
ca

rri
er

s.
 T

he
 h

ig
h 

pr
ev

al
en

ce
 

of
 d

ep
re

ss
io

n 
m

ay
 th

us
 b

e 
du

e 
to

 
ne

ur
ob

io
lo

gi
ca

l v
ul

ne
ra

bi
lit

y 
fa

ct
or

s 
in

 g
en

e 
ca

rri
er

s,
 in

te
ra

ct
in

g 
w

ith
 

ps
yc

ho
lo

gi
ca

l a
nd

 p
sy

ch
os

oc
ia

l 
fa

ct
or

s.
De

pr
es

si
ve

 s
ym

pt
om

s 
ha

ve
 b

ee
n 

co
rre

la
te

d 
w

ith
 in

cr
ea

se
d 

fu
nc

tio
na

l 
co

nn
ec

tiv
ity

 a
nd

 d
ec

re
as

ed
 s

tru
ct

ur
al

 
co

nn
ec

tiv
ity

 in
 th

e 
de

fa
ul

t m
od

e 
ne

tw
or

k 
an

d 
th

e 
ba

sa
l g

an
gl

ia
.

Gr
ie

vi
ng

 a
nd

 
co

pi
ng

 w
ith

 lo
ss

Th
is

 g
rie

vi
ng

 p
ro

ce
ss

 is
 c

om
m

on
 

in
 b

ot
h 

pe
rs

on
s 

w
ith

 H
D 

an
d 

th
ei

r 
fa

m
ily

 m
em

be
rs

.

Ad
ve

rs
e 

ps
yc

ho
so

ci
al

 a
sp

ec
ts

 o
f y

ou
ng

 o
ns

et
 

de
m

en
tia

 m
ay

 a
pp

ea
r a

cr
os

s 
di

se
as

e 
st

ag
es

; 
fro

m
 lo

ss
 o

f e
m

pl
oy

m
en

t t
o 

th
e 

ab
ili

ty
 to

 
se

lf-
ca

re
 a

nd
 li

ve
 in

de
pe

nd
en

tly
.
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Sy
m

pt
om

 
do

m
ai

n
Pr

ev
al

en
ce

 a
nd

 d
is

ea
se

 c
ou

rs
e

Ch
ar

ac
te

ris
tic

s/
  

ex
am

pl
es

Cl
in

ic
al

 im
pl

ic
at

io
ns

 a
nd

 tr
ea

tm
en

t
N

eu
ro

bi
ol

og
ic

al
 u

nd
er

pi
nn

in
gs

Su
ic

id
e

7–
10

%
 o

f H
D 

pa
tie

nt
s 

co
ns

id
er

 o
r 

at
te

m
pt

 s
ui

ci
de

.
Pr

ev
al

en
ce

 o
f s

ui
ci

da
l i

de
at

io
n 

ha
s 

be
en

 fo
un

d 
to

 v
ar

y 
at

 d
iff

er
en

t 
st

ag
es

 o
f H

D;
 fo

r e
xa

m
pl

e,
 9

%
 in

 
as

ym
pt

om
at

ic
 a

t-r
is

k 
in

di
vi

du
al

s,
 

ris
in

g 
to

 2
2%

 in
 th

e 
pr

e-
di

ag
no

st
ic

 
gr

ou
p.

Tw
o 

cr
iti

ca
l p

er
io

ds
 h

av
e 

be
en

 fo
un

d 
fo

r i
nc

re
as

ed
 s

ui
ci

da
l i

de
at

io
n:

 
w

he
n 

in
di

vi
du

al
s 

w
er

e 
in

fo
rm

ed
 o

f 
th

ei
r p

ro
xi

m
ity

 to
 o

ns
et

 o
f m

ot
or

 
sy

m
pt

om
s;

 a
nd

 e
ar

ly
 s

ym
pt

om
at

ic
 

w
he

n 
th

ei
r l

ev
el

 o
f i

nd
ep

en
de

nc
e 

w
as

 in
cr

ea
si

ng
ly

 c
om

pr
om

is
ed

.

Se
ns

iti
vi

ty
 to

 th
e 

co
pi

ng
 a

bi
lit

y, 
m

en
ta

l s
ta

te
 

an
d 

le
ve

l o
f s

up
po

rt 
sh

ou
ld

 b
e 

co
ns

id
er

ed
 

th
ro

ug
ho

ut
 th

e 
di

se
as

e 
pr

oc
es

s.
Ri

sk
 fa

ct
or

s 
in

cl
ud

e 
m

al
e 

ge
nd

er
, d

is
ea

se
 

du
ra

tio
n,

 p
ha

se
 n

ea
rin

g 
to

 o
ns

et
, i

rri
ta

bi
lit

y, 
im

pu
ls

iv
ity

, d
ep

re
ss

io
n,

 a
gg

re
ss

io
n,

 a
nx

ie
ty

 
an

d 
pr

ev
io

us
 a

tte
m

pt
.

W
hi

le
 th

e 
ra

tio
na

le
 o

f s
ui

ci
de

 m
ay

 b
e 

re
la

te
d 

to
 th

e 
pr

og
re

ss
iv

e 
na

tu
re

 o
f H

D,
 s

om
e 

su
ic

id
al

 im
pu

ls
es

 a
ris

e 
du

e 
to

 c
og

ni
tiv

e 
im

pa
irm

en
t.

 

Irr
ita

bi
lit

y 
an

d 
ag

gr
es

si
on

Irr
ita

bi
lit

y 
is

 c
om

m
on

 in
 H

D,
 w

ith
 

pr
ev

al
en

ce
 v

ar
yi

ng
 fr

om
 3

8%
 to

 
73

%
.

Pr
ev

al
en

ce
 o

f a
gg

re
ss

io
n 

is
 b

et
w

ee
n 

22
%

 a
nd

 6
6%

 in
 th

e 
m

aj
or

ity
 o

f 
st

ud
ie

s.

To
ge

th
er

 w
ith

 im
pu

ls
iv

ity
, i

rri
ta

bi
lit

y 
ca

n 
be

 m
is

at
tri

bu
te

d 
to

 a
nt

is
oc

ia
l p

er
so

na
lit

y 
di

so
rd

er
. O

fte
n,

 s
ub

st
an

ce
 u

se
 a

nd
 p

sy
ch

os
is

 
m

ay
 c

o-
ex

is
t.

De
gr

ee
 o

f c
og

ni
tiv

e 
de

cl
in

e,
 fa

m
ily

 
hi

st
or

y 
an

d 
m

ot
or

 s
ym

pt
om

s 
m

ay
 le

ss
en

 
m

is
di

ag
no

si
s.

 

An
xi

et
y

Th
e 

pr
ev

al
en

ce
 o

f a
nx

ie
ty

 in
 m

an
ife

st
 

HD
 ra

ng
es

 fr
om

 1
3%

 to
 7

1%
.

Do
es

 n
ot

 s
ee

m
 to

 b
e 

lin
ke

d 
w

ith
 

m
ea

su
re

s 
of

 d
is

ea
se

 p
ro

gr
es

si
on

.

An
xi

et
y 

ap
pe

ar
s 

to
 b

e 
as

so
ci

at
ed

 w
ith

 
de

pr
es

si
on

, s
ui

ci
de

, i
rri

ta
bi

lit
y, 

qu
al

ity
 o

f l
ife

, 
pa

in
, i

lln
es

s 
be

lie
fs

 a
nd

 c
op

in
g 

st
yl

es
.

Be
ha

vi
ou

rs
 s

uc
h 

as
 p

ac
in

g,
 c

ha
nt

in
g 

an
d 

re
pe

tit
iv

e 
ta

pp
in

g 
m

ay
 re

fle
ct

 u
nd

er
ly

in
g 

an
xi

et
y.

As
 th

ou
gh

t p
ro

ce
ss

es
 b

ec
om

e 
le

ss
 fl

ex
ib

le
, 

th
os

e 
w

ith
 H

D 
m

ay
 b

e 
an

xi
ou

s 
by

 e
ve

n 
sm

al
l 

de
pa

rtu
re

s 
fro

m
 ro

ut
in

e.
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Sy
m

pt
om

 
do

m
ai

n
Pr

ev
al

en
ce

 a
nd

 d
is

ea
se

 c
ou

rs
e

Ch
ar

ac
te

ris
tic

s/
  

ex
am

pl
es

Cl
in

ic
al

 im
pl

ic
at

io
ns

 a
nd

 tr
ea

tm
en

t
N

eu
ro

bi
ol

og
ic

al
 u

nd
er

pi
nn

in
gs

Ps
yc

ho
si

s
St

ud
ie

s 
ha

ve
 id

en
tif

ie
d 

ra
te

s 
of

 
ps

yc
ho

si
s 

be
tw

ee
n 

9%
 a

nd
 1

7%
.

Ps
yc

ho
tic

 s
ym

pt
om

s 
ar

e 
m

or
e 

co
m

m
on

 e
ar

ly
 in

 th
e 

ill
ne

ss
 a

nd
 te

nd
 

to
 d

ec
re

as
e 

w
ith

 c
og

ni
tiv

e 
de

cl
in

e.

Ps
yc

ho
tic

 s
ym

pt
om

s 
in

 H
D 

te
nd

 to
 

be
 is

ol
at

ed
 a

nd
 a

ty
pi

ca
l, 

ra
th

er
 th

an
 

sc
hi

zo
ph

re
ni

fo
rm

, w
ith

 p
er

se
cu

to
ry

 d
el

us
io

ns
 

be
in

g 
th

e 
m

os
t c

om
m

on
.

St
ro

ng
 fa

m
ily

 h
is

to
ry

 o
f p

sy
ch

os
is

, s
ui

ci
de

, 
af

fe
ct

iv
e 

di
so

rd
er

s 
an

d 
m

ot
or

 s
ym

pt
om

s 
sh

ou
ld

 p
ro

m
pt

 fo
r f

ur
th

er
 o

rg
an

ic
 w

or
k-

up
.

Th
e 

HD
 g

en
e 

ha
s 

be
en

 p
ro

po
se

d 
to

 
po

te
nt

ia
lly

 lo
w

er
 th

e 
th

re
sh

ol
d 

fo
r t

he
 

em
er

ge
nc

e 
of

 s
ch

izo
ph

re
ni

a.

M
an

ia
M

an
ia

 a
nd

 b
ip

ol
ar

 s
yn

dr
om

es
 h

av
e 

be
en

 fo
un

d 
to

 h
av

e 
a 

pr
ev

al
en

ce
 o

f 
5%

 to
 1

0%
 in

 H
D.

Pe
rio

di
c 

gr
an

di
os

ity
, h

yp
er

ac
tiv

ity
 a

nd
 

re
ck

le
ss

 b
eh

av
io

ur
 c

an
 p

re
se

nt
.

Pe
rs

on
al

ity
 c

ha
ng

es
 s

uc
h 

as
 d

is
in

hi
bi

tio
n,

 
irr

ita
bi

lit
y 

an
d 

fa
ce

tio
us

ne
ss

, w
hi

ch
 

re
se

m
bl

e 
m

an
ia

, a
re

 a
ls

o 
co

m
m

on
 in

 H
D,

 
in

cl
ud

in
g 

in
 th

e 
pr

em
an

ife
st

.

 

Di
si

nh
ib

iti
on

, 
im

pu
ls

iv
ity

 
an

d 
ot

he
r 

dy
se

xe
cu

tiv
e 

be
ha

vi
ou

rs

Dy
se

xe
cu

tiv
e 

di
so

rd
er

s 
ar

e 
ex

tre
m

el
y 

fre
qu

en
t.

W
or

se
n 

w
ith

 d
is

ea
se

 p
ro

gr
es

si
on

.

A 
pe

rs
on

 w
ith

 H
D 

m
ay

 b
e 

pe
rs

ev
er

at
iv

e 
or

 
of

te
n 

be
co

m
e 

‘s
tu

ck
’ o

n 
an

 id
ea

 o
r a

ct
iv

ity
. 

Th
ey

 c
an

 b
e 

rig
id

 in
 th

ei
r b

eh
av

io
ur

 a
nd

 
st

ru
gg

le
 to

 c
ha

ng
e,

 a
da

pt
 a

nd
/o

r a
lte

r 
ro

ut
in

es
.

Th
e 

de
gr

ee
 o

f d
ys

ex
ec

ut
iv

e 
sy

nd
ro

m
e 

ca
n 

be
 q

ua
nt

ifi
ed

 b
y 

de
ta

ile
d 

ne
ur

op
sy

ch
ol

og
ic

al
 

as
se

ss
m

en
t a

nd
 s

tra
te

gi
es

 s
ug

ge
st

ed
.

Th
e 

fro
nt

os
tri

at
al

 d
eg

en
er

at
io

n 
in

 H
D 

of
te

n 
re

su
lts

 in
 im

pa
ire

d 
in

hi
bi

tio
n 

an
d 

a 
dy

se
xe

cu
tiv

e 
sy

nd
ro

m
e.

Ob
se

ss
iv

e 
co

m
pu

ls
iv

e 
di

so
rd

er
/

sy
m

pt
om

s

Ob
se

ss
iv

e 
an

d 
co

m
pu

ls
iv

e 
sy

m
pt

om
s 

ar
e 

re
po

rte
d 

in
 2

0–
50

%
 o

f H
D 

pa
tie

nt
s.

In
ci

de
nc

e 
in

cr
ea

se
s 

w
ith

 g
re

at
er

 
di

se
as

e 
se

ve
rit

y 
an

d 
ex

ec
ut

iv
e 

dy
sf

un
ct

io
n.

M
os

t s
tu

di
es

 in
 H

D 
ha

ve
 id

en
tif

ie
d 

ob
se

ss
io

na
l o

r c
om

pu
ls

iv
e 

sy
m

pt
om

s 
in

 
pa

tie
nt

s 
ra

th
er

 th
an

 c
lu

st
er

s 
of

 s
ym

pt
om

s 
w

hi
ch

 m
ee

t d
ia

gn
os

tic
 c

rit
er

ia
 fo

r o
bs

es
si

ve
-

co
m

pu
ls

iv
e 

di
so

rd
er

.
Th

e 
co

m
m

on
 o

bs
es

si
on

s 
re

po
rte

d 
ha

ve
 

ag
gr

es
si

ve
 a

nd
 c

on
ta

m
in

at
io

n 
th

em
es

. 
Ch

ec
ki

ng
 ri

tu
al

s 
w

er
e 

th
e 

m
os

t c
om

m
on

ly
 

re
po

rte
d.

 E
xc

es
si

ve
 w

or
ry

in
g 

an
d 

so
m

at
iza

tio
ns

 a
re

 a
ls

o 
re

po
rte

d.

N
eu

ro
pa

th
ol

og
ic

al
 c

ha
ng

es
 in

 th
e 

ca
ud

at
e 

nu
cl

eu
s 

an
d 

re
la

te
d 

ne
ur

al
 

ci
rc

ui
ts

 m
ay

 u
nd

er
lie

 th
is

 in
cr

ea
se

d 
ra

te
 o

f o
bs

es
si

ve
-c

om
pu

ls
iv

e 
di

so
rd

er
 

sy
m

pt
om

s.
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Sy
m

pt
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do

m
ai

n
Pr

ev
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en
ce

 a
nd
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is

ea
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ou

rs
e

Ch
ar

ac
te

ris
tic

s/
  

ex
am

pl
es

Cl
in

ic
al

 im
pl

ic
at

io
ns

 a
nd

 tr
ea

tm
en

t
N

eu
ro

bi
ol

og
ic

al
 u

nd
er

pi
nn

in
gs

Un
aw

ar
en

es
s/

an
os

og
no

si
a/

lo
ss

 o
f i

ns
ig

ht
/

se
lf-

aw
ar

en
es

s

Un
aw

ar
en

es
s 

af
fe

ct
s 

up
 to

 5
0%

 o
f 

HD
 p

at
ie

nt
s.

It 
is

 a
ss

oc
ia

te
d 

w
ith

 re
du

ce
d 

in
ci

de
nc

e 
of

 d
ep

re
ss

io
n 

an
d 

an
xi

et
y.

Pe
op

le
 w

ith
 H

D 
m

ay
 

un
de

r-r
ep

or
t t

he
 

pr
es

en
ce

 o
r s

ev
er

ity
 o

f 
in

vo
lu

nt
ar

y 
m

ov
em

en
ts

, 
un

de
r-e

st
im

at
e 

co
gn

iti
ve

 
im

pa
irm

en
t a

nd
 d

en
y 

be
ha

vi
ou

ra
l c

ha
ng

e.

Pe
op

le
 w

ith
 H

D 
m

ay
 u

nd
er

-re
po

rt 
th

e 
pr

es
en

ce
 o

r s
ev

er
ity

 o
f i

nv
ol

un
ta

ry
 

m
ov

em
en

ts
, u

nd
er

-e
st

im
at

e 
co

gn
iti

ve
 

im
pa

irm
en

t a
nd

 d
en

y 
be

ha
vi

ou
ra

l c
ha

ng
e.

N
eg

at
iv

e 
im

pa
ct

 o
n 

ca
re

gi
ve

r m
ay

 b
e 

un
de

re
st

im
at

ed
.

Pr
ac

tic
al

 m
an

ag
em

en
t o

f t
he

 s
ym

pt
om

 
sh

ou
ld

 in
cl

ud
e 

ed
uc

at
in

g 
th

e 
fa

m
ily

 a
nd

 
sc

re
en

in
g 

fo
r h

ig
h-

ris
k 

be
ha

vi
ou

r (
e.

g.
 d

riv
in

g 
un

sa
fe

ly
).

Re
co

gn
iti

on
 b

y 
cl

in
ic

ia
ns

 is
 c

ru
ci
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Summary and conclusions

This clinical update review provides a history of HD and 
its diagnosis, and highlights the various neuropsychiat-
ric facets of HD. It is important for clinicians to be aware 
of the high rate of psychiatric symptoms in HD, as they 
manifest before motor symptoms are evident (which is 
when HD is typically diagnosed), cause significant func-
tional impairment and affect quality of life. There are 
effective management strategies, which are outlined in 
paper 2 of this series.24
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THE PATTERN OF NEURODEGENERATION IN HUNTINGTON’S DISEASE: A
COMPARATIVE STUDY OF CANNABINOID, DOPAMINE, ADENOSINE AND
GABAA RECEPTOR ALTERATIONS IN THE HUMAN BASAL GANGLIA IN

HUNTINGTON’S DISEASE

M. GLASS,*† M. DRAGUNOW*† and R. L. M. FAULL*‡
Departments of *Anatomy with Radiology, and †Pharmacology, University of Auckland, Private Bag 92019, Auckland, New Zealand

Abstract—In order to investigate the sequence and pattern of neurodegeneration in Huntington’s disease, the distribution and
density of cannabinoid CB1, dopamine D1 and D2, adenosine A2a and GABAA receptor changes were studied in the basal ganglia in
early (grade 0), intermediate (grades 1, 2) and advanced (grade 3) neuropathological grades of Huntington’s disease. The results
showed a sequential pattern of receptor changes in the basal ganglia with increasing neuropathological grades of Huntington’s
disease. First, the very early stages of the disease (grade 0) were characterized by a major loss of cannabinoid CB1, dopamine D2 and
adenosine A2a receptor binding in the caudate nucleus, putamen and globus pallidus externus and an increase in GABAA receptor
binding in the globus pallidus externus. Second, intermediate neuropathological grades (grades 1, 2) showed a further marked
decrease of CB1 receptor binding in the caudate nucleus and putamen; this was associated with a loss of D1 receptors in the caudate
nucleus and putamen and a loss of both CB1 and D1 receptors in the substantia nigra. Finally, advanced grades of Huntington’s
disease showed an almost total loss of CB1 receptors and the further depletion of D1 receptors in the caudate nucleus, putamen and
globus pallidus internus, and an increase in GABAA receptor binding in the globus pallidus internus.

These findings suggest that there is a sequential but overlapping pattern of neurodegeneration of GABAergic striatal efferent
projection neurons in increasing neuropathological grades of Huntington’s disease. First, GABA/enkephalin striatopallidal neurons
projecting to the globus pallidus externus are affected in the very early grades of the disease. Second, GABA/substance P
striatonigral neurons projecting to the substantia nigra are involved at intermediate neuropathological grades. Finally, GABA/
substance P striatopallidal neurons projecting to the globus pallidus internus are affected in the late grades of the disease. In
addition, the finding that cannabinoid receptors are dramatically reduced in all regions of the basal ganglia in advance of other
receptor changes in Huntington’s disease suggests a possible role for cannabinoids in the progression of neurodegeneration in
Huntington’s disease.q 2000 IBRO. Published by Elsevier Science Ltd.

Key words:receptor changes, caudate nucleus, putamen, globus pallidus, substantia nigra.

Huntington’s disease is characterized by an atrophy of the
caudate nucleus and putamen.27 Medium spiny GABAergic
striatal projection neurons, the predominant neostriatal cell
type, are particularly vulnerable in Huntington’s disease,27

while there is selective sparing of cholinergic interneurons,18,32

and interneurons containing somatostatin, neuropeptide Y,
and NADPH-diaphorase.10,19

Two populations of GABAergic striatal efferent neurons
can be demonstrated based on their projection targets and
neuropeptide content.6,22,46,50 Striatal neurons projecting to
the globus pallidus externus (GPe) are enriched in met-
enkephalin (enk), whereas the striatal neurons projecting to
the globus pallidus internus (GPi) and to the substantia nigra
(SN) are enriched in substance P.50 Recent studies have
suggested a differential pattern of degeneration of these
projection neurons in Huntington’s disease, with GABA/
enk-containing neurons projecting to the GPe and GABA/
substance P-containing striatal neurons projecting to the SN
being preferentially affected in pre-symptomatic cases and in
early degenerative grades of Huntington’s disease, with relative
sparing of GABA/substance P-containing neurons projecting to

GPi.1,16,49 By late grades of Huntington’s disease, all striatal
projection neurons show extensive loss. In the present study
the validity of this proposed pattern of neuronal degeneration
in Huntington’s disease has been investigated by studying
changes in the binding of a range of neurotransmitter recep-
tors, including the CB1 cannabinoid receptor,39 in the basal
ganglia of Huntington’s disease patients.

Receptor binding studies in the human and rat brains have
demonstrated that cannabinoid receptors are presynaptically
localized on striatonigral and striatopallidal terminals in the
SN and globus pallidus.25,30,37 These findings, together with
the demonstration that D1 receptors in the SN and GPi
regions, and, D2 and A2a receptors in the GPe region21,34,59

are presynaptically localized on striatal efferent terminals
suggest the possibility that cannabinoid receptors are co-
localized with these various types of receptors in the SN
and globus pallidus. Also, the well defined co-localization
of the cannabinoid CB1, dopamine D1, dopamine D2 and
adenosine A2a receptors in the caudate nucleus and putamen
has enabled us to compare and contrast the receptor changes
in the early and late grades of Huntington’s disease in order to
provide further information on the sequence and pattern of
neurodegeneration in Huntington’s disease.

EXPERIMENTAL PROCEDURES

Tissue collection

The human brain tissue used in these studies was obtained from the
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New Zealand Neurological Foundation Human Brain Bank in the
Department of Anatomy, University of Auckland and the study was
approved by the University of Auckland Human Subjects Ethics
Committee.

All control subjects had previously been in good health with no
known history of neurological disease or drug treatment and all had
died suddenly without the opportunity of receiving any form of medi-
cal treatment. For both control and Huntington’s disease cases, the
brains were removed to the Department of Anatomy, University of
Auckland, immediately following autopsy. On arrival, tissue blocks
were immediately selected from various regions of the basal ganglia.
The tissue blocks were frozen on dry ice and stored at2808C prior to
subsequent autoradiographical processing as detailed below. Thepost
mortemdelay in each case is described as the time interval between
death and the freezing of the tissue blocks.

The control tissue consisted ofpost mortemhuman brains obtained
from six adult subjects (aged 21–81 years; average age 59 years;
averagepost mortemdelay 10 h; see Table 1 for details). The
Huntington’s disease tissue was obtained from 10 patients diagnosed
with Huntington’s disease, and graded according to the five point (0–4)
neuropathological grading scale criteria of Vonsattel and colleagues43,67

(two subjects were grade 0, three subjects grade 1, three subjects grade
2, and two subjects grade 3; see Table 2 for details). The subjects
ranged in age from 56–87 years, average age 63 years; averagepost
mortemdelay 16 h.

Autoradiography

For these studies frozen blocks of unfixed tissue were mounted on to
cryostat chucks and 16-mm sections were thaw mounted on to gelatine/
chrome-alum-coated slides. Sections were stored at2808C until
labelled.

All autoradiographical techniques have been previously
described.11,14,25For each ligand used, triplicate sections from relevant
regions of each brain were labelled. In brief, cannabinoid CB1 recep-
tors were labelled at 2.5 nM with [3H]CP55,940 (Dupont/NEN; speci-
fic activity, 125 Ci/mmol). The sections were incubated for 2 h at 378C
in 50 mM Tris–HCl buffer (pH 7.4) with 5% bovine serum albumin.

The sections were then washed twice at 48C in 50 mM Tris buffer with
1% bovine serum albumin for 2 h. Non-specific binding was deter-
mined by incubation in the presence of 10mm CP55,940. Dopamine
D1 receptors were identified using 1 nM [3H]SCH23390 (Dupont/
NEN; specific activity, 80.4 Ci/mmol) in 50 mM Tris–HCl buffer
(with 1 mM MgCl2, 2 mM CaCl2, 5 mM KCl, and 120 mM NaCl,
pH 7.4); the sections were incubated for 30 min at room temperature
before being rinsed twice for 5 min in ice-cold buffer. Non-specific
binding was determined by incubation in the presence of 1mM dopa-
mine. Dopamine D2 receptors were labelled for 20 min at room
temperature in 3 nM [3H]Raclopride (Dupont/NEN; specific activity,
79.5 Ci/mmol) in 170 mM Tris–HCl buffer (with 1 mM MgCl2, 2 mM
CaCl2, 5 mM KCl, and 120 mM NaCl, pH 7.7); the sections were
rinsed four times for 1 min each in ice-cold buffer. Non-specific bind-
ing was determined by incubation in the presence of 1mM dopamine.
Sections for adenosine A2a binding were preincubated for 30 min in
1 U/ml adenosine deaminase (Sigma, type IV) in 50 mM Tris–HCl
buffer (with 10 mM MgCl2, pH 7.4), before labelling with 5 nM
[3H]CGS21680 (Dupont/NEN; specific activity, 42.6 Ci/mmol) for
2 h; the sections were then rinsed and washed twice for 5 min in buffer
before being rinsed in ice-cold distilled H20. Non-specific binding was
determined by incubation in the presence of 20mM 2-chloroadenosine.
GABAA receptors were labelled using 1 nM [3H]flunitrazepam (FNZ,
Amersham; specific activity, 84 Ci/mmol) in 50 mM Tris–HCl buffer,
pH 7.4; the sections were incubated for 1 h at 48C and then washed
twice for 1 min in ice-cold buffer before being rinsed in ice-cold
distilled H2O. Non-specific binding was determined by incubation in
the presence of 1mM FNZ. All sections were fan-dried at 48C over-
night and placed in X-ray cassettes with tritium-microscale calibration
slides (Amersham), where they were exposed to tritium-sensitive
hyperfilm for 10 weeks prior to developing. Integrative density
measurements of each region were made using the MD30 Image
Analysis System (Leading Edge Pty, Australia). The binding in the
Huntington’s disease brains is presented as a percentage of the mean
of the binding measured in control brains. For Grade 1 and 3 the data
are presented as the mean percentage difference^S.E.M. For Grade 0
and 3, where there were only two cases, the mean percentage differ-
ence for each case were averaged and are presented with their errors.
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Table 1. Source of controlpost mortemhuman brain tissue

Case Sex
Age

(years)
Post mortem

delay (h)
Cause of death

H47 M 81 6.5 Subarachnoid haemorrhage
H78 F 48 11.5 Coronary artery disease
H79 M 75 11 Myocardial infarction
H80 M 72 10 Myocardial infarction
H81 M 55 12 Myocardial infarction
H82 M 21 8.5 Carbon monoxide poisoning

Table 2. Source ofpost mortemHuntington’s disease brain tissue

Case Sex
Age

(years)
Post mortem

delay (h)
HD grade (CAG)n in IT15 Cause of death

HC46 M 59 2.5 0 16/43
Chronic obstructive
respiratory disease

HC66 M 62 19 0 27/41 Pneumonia
HC55 M 87 20 1 14/42 Perforated duodenal ulcer
HC51 M 58 4.5 1 16/43 Pneumonia
HC53 M 56 14 1 17/43 Bowel obstruction
HC52 F 61 23 2 19/46 Myocardial infarction
HC57 M 58 29 2 18/46 Myocardial infarction
HC61 M 65 6 2 18/47 Pneumonia
HC58 M 64 19 3 18/44 Pneumonia
HC48 M 62 20 3 17/47 Septicemia

Abbreviations used in the figures and tables

CN caudate nucleus
ENK enkephalin
HD Huntington’s disease
PU putamen

SNc substantia nigra pars compacta
SNr substantia nigra pars reticulata
SP substance P
VS ventral striatum



RESULTS

The principal aim of this study was to investigate the
pattern of cannabinoid CB1, dopamine D1 and D2, adenosine
A2a and GABAA receptor changes in the basal ganglia in the
human brain in early (grade 0), intermediate (grade 1, 2) and
late (grade 3) neuropathological grades of Huntington’s
disease in order to gain further information on the possible
neuronal co-localization of these receptors in the human basal
ganglia and on the sequence and pattern of neurodegenera-
tion in Huntington’s disease. The various receptors were
demonstrated in the basal ganglia using receptor autoradio-
graphy followingin vitro labelling of cryostat sections with
tritiated ligands specific for the various receptor subtypes.

As shown in Figs 1–10, the pattern and density of auto-
radiographic receptor labelling for each of the receptors in the
various nuclei of the basal ganglia—caudate nucleus, puta-
men, GPe, GPi and SN—were compared between control
brains and early, intermediate and late stage Huntington’s
diseased brains. The density of the receptors in each of the
nuclei in the basal ganglia was then determined using com-
puterized densitometry methods (Tables 3–7). For all of the
receptors studied the values observed in the control brains
were comparable to previously reported values.7,9,15,24,26,38,66

The results on the various types of receptors studied are
detailed below.

Cannabinoid CB1 receptors

The caudate nucleus and putamen, showed a moderately
low level of cannabinoid CB1 receptor binding in the normal
brain (Figs 1A, 2A). As described previously,24 careful exam-
ination of the pattern of receptor labelling in the caudate
nucleus and putamen suggests a patchy distribution of recep-
tors, especially in the caudal putamen at the level of the
lenticular nucleus (Fig. 2A). The grade 0 Huntington’s
disease cases (Figs 1B, 2B) exhibited a moderate decrease
in cannabinoid receptor binding (46–52%; Table 3) as
compared to controls (Figs 1A, 2A). The cannabinoid recep-
tor binding decreased dramatically in all Huntington’s disease
cases with more advanced pathology, that is, grade 1 and
greater (Table 3). The grade 1 cases exhibited an average
level of binding of only 21–31% of the normal (Figs 1C,
2C; Table 3), and further decreases were observed within
the grade 2 and 3 cases, which exhibited binding similar to
background levels.

Very high densities of cannabinoid receptor binding sites
were seen in the globus pallidus of the control brains (Fig.
2A). The highest densities of receptors were present in the
GPi and moderate densities of receptors were present
throughout the rostrocaudal extent of the globus pallidus
externus (Fig. 2A). Closer examination of the pattern of
autoradiographic receptor labelling in the GPe revealed
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Fig. 1. Autoradiograms showing the binding of [3H]CP55,940 to cannabinoid CB1 receptors in the caudate nucleus and putamen of: (A) control; (B) grade 0
Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. There is a moderate decrease in CB1 receptor binding at

grade 0 (B) with a further marked loss of receptors at more advanced grades of Huntington’s disease (C, D). Scale bar�1 cm.



some regional variations in the density and pattern of receptor
binding; higher density patches appeared to be present in
some regions, with the highest density of labelling being
present in the rostrolateral region of the complex and with
lower densities of binding in the ventral pallidum.

Cannabinoid receptor binding was decreased dramatically
in both pallidal segments in all cases of Huntington’s disease
(Fig. 2B–D). Within the very early stages of Huntington’s
disease (grade 0, Fig. 2B), the loss of CP55,940 binding
was pronounced in the globus pallidus externus and density
measurements showed that binding densities in GPe were
reduced to 9% of normal (Table 3). In contrast, as shown in
Table 3, the density of CB1 binding in GPi had reduced to

19% of normal. However, in the more advanced cases of
Huntington’s disease (Fig. 2C–D), receptor binding in both
segments had dramatically decreased to an average of
between 3–7% of normal levels (Table 3).

As described previously,24,25cannabinoid receptor labelling
within the SN was very dense and discreetly localized to the
pars reticulata. As shown in Fig. 7A–C and Table 3, the levels
of cannabinoid binding showed a marked decrease in grade 0
(19% of normal), and even greater decreases by grade 1 (10%
of normal). By grade 2, binding was undetectable above back-
ground levels.

Dopamine D1 and D2 receptors

Within the caudate nucleus and putamen a fairly homo-
geneous distribution of dopamine D1 (Figs 3A, 4A) and D2
(Figs 5A, 6A) receptors was observed in the control brains. At
grade 0 Huntington’s disease, normal levels of D1 receptor
binding were present in the caudate nucleus and putamen
(Figs 3B, 4B; Table 4), while a major loss of D2 receptor
binding was observed (Figs 5B, 6B; Table 5, average of
40–44% of normal). In grade 1 cases, the density of D2 recep-
tors in the caudate nucleus and putamen had further reduced
to 6–7% of normal (Figs 5C, 6C; Table 5) and D1 receptors
showed a moderate decrease to 54–56% of normal (Table 4,
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Fig. 2. Autoradiograms showing the binding of [3H]CP55,940 to cannabinoid CB1 receptors in the putamen and globus pallidus of the lenticular nucleus of: (A)
control; (B) grade 0 Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. In the putamen there is an increasing
loss of CB1 receptor binding from grade 0 (B) to advanced grades (C, D) with an almost total loss of receptors at grade 3 (D). In the globus pallidus there is a
differential loss of receptors with increasing neuropathological grades of Huntington’s disease; CB1 receptor binding is almost totally lost at grade 0 in the GPe

(B), but is not totally lost in the GPi until grade 3 (D). Scale bar�1 cm.

Table 3. Cannabinoid CB1 receptor levels in Huntington’s disease brains—
results are given as a percentage of the binding in control cases

HD grade
[3H]CP55,940—% of control levels

CN PU GPe GPi SNr

0 46^14 52^17 9^2 19^4 19^ 3
1 21^4 31^5 15^1 14^3 10^ 7
2 9^5 20^6 3^2 3^1 9^ 2
3 8^3 8^2 7^3 4^2 4^ 2



Figs 3C, 4C). In more advanced Huntington’s cases (grades 2
and 3), the density of D2 receptors in the caudate nucleus and
putamen was barely above background levels (6–10% of
normal; Figs 5D, 6D), and D1 receptor densities further
reduced to 26–34% of normal (Table 4; Figs 3D, 4D). Of
particular interest was the finding that the loss of dopamine
receptor binding within the caudate nucleus and putamen was
not homogeneous. Irregularly shaped patches of both the
caudate nucleus and putamen exhibited greater D1 and D2

binding loss than adjacent areas, giving the autoradiograms
a “patchy” appearance (see Figs 3 and 5). This “patchy”
pattern of receptor loss appeared reminiscent of the strio-
some/matrix compartmentation previously described for
various neurochemical markers in the human caudate nucleus
and putamen (see Ref. 28 for review). Furthermore, even

in grade 3 Huntington’s disease, a sub-population of D1

receptors was preserved (Fig. 3D), while little D2 binding
was visible (Fig. 5D).

Within the normal globus pallidus, moderately low levels
of D1 receptors were located in GPi only (Fig. 4A), while
moderate levels of D2 receptors were present in the GPe
(Fig. 6A). All Huntington’s disease grades show a dramatic
loss of D2 receptor binding in GPe. In particular, dopamine D2

receptors in the GPe show a dramatic reduction in the very
early stages of Huntington’s disease; in grade 0 brains D2

receptor binding in GPe is reduced to 40–44% of controls,
and, in grade 1 (reduced to 6–7% of control) and more
advanced cases, D2 labelling is barely above background
levels (Fig. 6; Table 5). In contrast, the density of D1 receptor
binding in the GPi of grade 0 and grade 1 Huntington’s

Receptor alterations in Huntington’s disease 509

Fig. 3. Autoradiograms showing the binding of [3H]SCH23390 to dopamine D1 receptors in the caudate nucleus and putamen of: (A) control; (B) grade 0
Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. Grade 0 (B) showed generally normal levels of D1

receptor binding but there was some evidence of a “patchy” loss of receptors in regions of the caudate nucleus and putamen. There was an increasing lossof D1

receptor binding at more advanced grades of Huntington’s disease with a further marked “patchy” loss of receptors (C, D). Scale bar�1 cm.

Table 4. Dopamine D1 receptor levels in Huntington’s disease brains—
results are given as a percentage of the binding in control cases

HD grade
[3H]SCH23390—% of control levels

CN PU GPe GPi SNr

0 115^19 118̂ 18 – 106̂ 7 74^6
1 54^20 56^14 – 100̂ 3 80^18
2 34^7 28^14 – 34̂ 20 31^8
3 26^9 32^11 – 6^2 11^5

Table 5. Dopamine D2 receptor levels in Huntington’s disease brains—
results are given as a percentage of the binding in control cases

HD grade
[3H]Raclopride—% of control levels

CN PU GPe GPi

0 44^22 40^21 6^4 –
1 6^2 7^3 4^4 –
2 21^7 12^4 1^1 –
3 10^1 10^2 – –



disease brains was equivalent to binding in the control
pallidum (Table 4); intermediate levels of D1 receptor binding
were present at grade 2, while in the grade 3 cases, D1 receptor
binding was barely detectable (Fig. 4D; Table 4).

Within the SN only D1 receptors were examined, as only
very low levels of D2 receptors were identified in the SN in the
control brains. In normal control brains, D1 receptors were
discreetly localized within the pars reticulata of the SN
(Fig. 7D). Only a slight loss of D1 receptor binding was
observed in grade 0 and grade 1 Huntington’s disease (74–
80% of control, Table 4; Fig. 7E, F). In the later grades of
Huntington’s disease the loss of receptor binding became
more pronounced with D1 receptor binding barely detectable
above background levels in grade 3 Huntington’s disease
(Table 4).

Adenosine A2a receptors

A2a receptor binding was fairly homogeneous within the
caudate nucleus and putamen of control brains (Figs 8A,
9A). Within the caudate nucleus and putamen a dramatic
loss of adenosine A2a receptor binding was observed in
grade 0 Huntington’s disease cases (34–35% of controls),
and there was a further dramatic decrease in A2a receptor
binding in grade 1 Huntington’s disease to 11–13% of

controls (Figs 8C, 9C; Table 6); more advanced cases showed
no detectable A2a receptor binding (Figs 8D, 9D; Table 6). As
for the dopamine receptors, the binding appeared to decline in
a heterogeneous fashion, with irregularly shaped patches of
receptors declining slightly more rapidly than the receptors in
the surrounding regions (Fig. 8B, C).

In the globus pallidus, adenosine A2areceptors were present
only within the GPe (Fig. 9A). There was a dramatic and total
loss of A2a receptors from GPe in the very earliest stages of
Huntington’s disease; in all grade 0 cases and in all cases of
more advanced pathology there was no detectable adenosine
A2a receptor binding (Fig. 9; Table 6).

GABAA receptors

GABAA receptor binding showed an increasing patchy loss
in the caudate nucleus and putamen in grade 0 (Fig. 10B) and
grade 1 (Fig. 10C) with an almost total loss of receptors in the
caudate nucleus and putamen at more advanced grades of
Huntington’s disease (Fig. 10D). In contrast, GABAA receptor
binding within the globus pallidus showed increased binding
densities with increasing neuropathological grades of
Huntington’s disease (Fig. 10; Table 7). In confirmation of
previous studies16 a marked up-regulation of [3H]FNZ bind-
ing was observed within the GPe in grade 0 (156% of control)
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Fig. 4. Autoradiograms showing the binding of [3H]SCH23390 to dopamine D1 receptors in the putamen and globus pallidus of the lenticular nucleus of: (A)
control; (B) grade 0 Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. In the putamen, there is an increasing
“patchy” loss of D1 receptor binding from grade 0 (B) to advanced grades (C, D). As in the control, there is an absence of D1 receptors in the GPe at all
neuropathological grades. In the GPi, D1 receptor binding density at grades 0 (B) and 1 (C) is similar to the control, but is markedly reduced at grade 3 (D).

Scale bar�1 cm.



and this was sustained in Huntington’s disease cases with
more advanced pathology (Fig. 10B–D; Table 7). Up-regulation
of GABAA receptors within the GPi was not observed until
grade 1; this up-regulation was sustained in grade 2 cases
(129%) and further increased (156% of control) in more
advanced grade 3 cases (Table 7).

DISCUSSION

It is now well established that medium spiny neurons of the
caudate nucleus and putamen are preferentially vulnerable in
Huntington’s disease.27 Furthermore, the subset of the
medium spiny projection neurons containing GABA/enk
demonstrate preferential dysfunction in terminal areas in the
GPe.49,52,61 In contrast, medium spiny neurons containing

GABA/substance P projecting to the GPi are more resistant
to dysfunction in early Huntington’s disease. However,
conflicting information on the relative loss of enkephalin-
containing terminals versus substance P-containing terminals
exists.16,58,63 Since cannabinoid, dopamine (D1 and D2) and
adenosine receptors are localized in various combinations
on the cell bodies and terminal axons of striatal efferent
neurons projecting to the GPe, GPi and SN (see Fig.
11A),21,25,30,34,37,59the present study has utilized the technique
of receptor autoradiography to examine changes in cannabi-
noid, dopamine and adenosine receptors in the basal ganglia
in Huntington’s disease brains ranging from pathological
grade 0 to grade 3 in order to further investigate the pattern
of degeneration of striatal efferent neurons in this disease.

All receptors studied demonstrated a greater loss of binding
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Fig. 5. Autoradiograms showing the binding of [3H]Raclopride to dopamine D2 receptors in the caudate nucleus and putamen of: (A) control; (B) grade 0
Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. There was a marked “patchy” decrease in D2 receptor

binding at grade 0 (B) with a further increasing loss of receptors at more advanced grades of Huntington’s disease (C, D). Scale bar�1 cm.

Table 6. Adenosine A2a receptor levels in Huntington’s disease brains—
results are given as a percentage of the binding in control cases

HD grade
CGS21680 binding—% of control levels

CN PU GPe

0 34^10 35^1 2^2
1 13^7 11^6 0
2 2^0 0 1^1
3 6^1 1^1 0

Table 7. GABAA receptor levels in Huntington’s disease brains—results
are given as a percentage of the binding in control cases

HD grade
[3H]FNZ binding—% of control levels

GPe GPi

0 156^7 106^4
1 129^2 125^5
2 126^23 129̂ 7
3 139^13 156̂ 10



within the projection regions than within the caudate nucleus
and putamen itself in early grade Huntington’s disease, a
finding consistent with a previous study by Richfield and
Herkenham.53 As suggested by these authors, two possible
processes can explain this observation. First, it may represent
perikaryal dysfunction associated with deficient production,
processing or transport of receptors to terminals. Secondly,
loss of receptors in the pallidum may reflect primary dysfunc-
tion in terminals followed by retrograde degeneration of
projection neurons. Interestingly, presymptomatic cases
demonstrate loss of enkephalin immunoreactivity in GPe,
but preservation of enkephalin-containing neurons in the
caudate nucleus and putamen, supporting primary terminal
dysfunction.52

The results of this study indicate that the medium spiny
neurons exhibit a selective vulnerability in early Huntington’s
disease. Figure 11 demonstrates the overall pattern of degen-
eration of the neurons, their terminals and the receptors within
the basal ganglia as suggested by this study. The results show
that, in agreement with previous studies, the medium spiny
neurons in the caudate nucleus and putamen comprise of at
least three different populations of GABAergic neurons: those
containing enkephalin projecting to GPe; and two populations
containing substance P, one projecting to the GPi and the
other to the SN. While there may be some overlap within

these populations, each group appears to have a different
vulnerability to the disease process. Selective vulnerability
was particularly indicated by the differential loss of dopamine
D1 and D2 receptor binding. Binding to both of these receptors
declined in a heterogeneous fashion from sub-populations of
neurons, giving the autoradiograms a “patchy” appearance.
The regions of binding were not discreet for D1 and D2

receptors but rather appeared to overlap in many regions. A
similar finding was observed by Richfieldet al.54 in early
Huntington’s disease cases. What is particularly interesting
to note in this study is the much more rapid loss of dopamine
D2 receptors as opposed to D1 receptors, a finding which is
contrary to earlier results.54 Since D2 receptors are believed to
be localized predominantly on GABA/enk containing neurons
which project to GPe, while D1 receptors are localized to
GABA/substance P-containing neurons projecting to GPi
and SN pars reticulata, this finding therefore confirms
previous studies of presymptomatic Huntington’s disease
allele carriers, where immunohistochemical results demon-
strated that degeneration of striatal neurons projecting to
GPe occurs earlier in the course of the disease than loss of
neurons projecting to GPi,1,49a finding which has been further
supported by other studies in early grade Huntington’s
disease.16,58 Furthermore, the loss of dopamine D1 receptor
binding within the SN at grade 1, when levels within GPi
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Fig. 6. Autoradiograms showing the binding of [3H]raclopride to dopamine D2 receptors in the putamen and globus pallidus of the lenticular nucleus of: (A)
control; (B) grade 0 Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. In the putamen there is a very marked
decrease in D2 receptor binding at grade 0 (B) with a total loss of receptor binding at more advanced neuropathological grades of Huntington’s disease (C, D).
Compared with the control (A), there is a total loss of D2 receptor binding in the GPe at grade 0 (B) and at more advanced grades (C, D), while the GPi shows no

D2 receptor binding in the control (A) and Huntington’s disease (B–D) brains. Scale bar�1 cm.



were comparable to control levels, suggests that the population
of GABA/substance P neurons projecting to SN pars reticu-
lata, is distinct from the population of neurons projecting to
GPi. Also, the heterogeneous patchy loss of D1 and D2 dopa-
mine receptors (and adenosine A2a and GABAA receptors) in
the caudate nucleus and putamen in the earlier stages of the
disease is in agreement with previousin situ and immuno-
histochemical studies by us5,42and others29 suggesting that the
projection neurons in the striosome compartment of the
caudate nucleus and putamen may be especially vulnerable
in early Huntington’s disease.

Within the rat caudate nucleus and putamen it has been
suggested that 15–20% of D1 receptors are localized on
non-medium spiny interneurons;35 thus it may be that the

surviving D1 receptors present in the caudate nucleus and
putamen in advanced diseased cases are localized on this
subset of interneurons which are still present at Grade 3
Huntington’s disease. This is in agreement with the results
of our previousin situ studies on D1 and D2 receptor gene
expression showing the relative survival of a subset of D1

mRNA-positive neurons in the caudate nucleus and putamen
of advanced Huntington’s disease.4 In contrast, the almost
total loss of D2 receptors (Figs 3, 4) and D2 mRNA-expressing
neurons4 within the caudate nucleus and putamen in advanced
Huntington’s disease suggests that, unlike rat caudate nucleus
and putamen,3 a sub-population of D2 receptors may not be
present on the interneurons believed to be preserved in
Huntington’s disease.18,32 However, in contrast to this study,
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Fig. 7. Autoradiograms showing the distribution of cannabinoid CB1 (A–C) and dopamine D1 (D–F) receptors in the SN of control (A, D) and Huntington’s
disease (B, C, E, F) brains. The autoradiograms demonstrate the binding of [3H]CP55,940 (A–C) to cannabinoid CB1 receptors and [3H]raclopride (D–F) to
dopamine D1 receptors in the SN in control (A, D); grade 0 Huntington’s disease (B, E) and grade 1 Huntington’s disease (C, F) brains. Cannabinoid CB1

receptor binding in the SN shows very high densities in control brains (A); CB1 receptor binding in the SN is reduced in grade 0 Huntington’s disease (B) and is
almost absent at higher neuropathological grades (C). Dopamine D1 receptor binding in the SN shows no obvious change in grade 0 (E) compared with the

control (D), but binding appears reduced in grade 1 (F) Huntington’s disease cases. Scale bar�1 cm.



a previous study,53 demonstrated 30–40% of normal levels of
D2 receptors in grade 3 Huntington’s disease, supporting the
localization of D2 receptors presynaptically on nigrostriatal
terminals and on interneurons; the reasons for these differ-
ences are not clear. The almost total loss of D1 receptor bind-
ing within the SN in grade 3 Huntington’s disease confirms
previous findings showing that D1 receptors within the SN are
localized exclusively to the terminals of striatal projection
neurons.66

The results in this study confirm an earlier study by Martinez-
Mir et al.38 demonstrating A2a receptor loss in the caudate
nucleus and putamen in Huntington’s disease. The loss of
A2a receptors in the caudate nucleus and putamen in the
present study paralleled the loss of D2 receptors. The simi-
larities in the changes in A2a and D2 receptor binding was
expected, asin situ hybridization studies have demonstrated
that rat A2a adenosine receptors are co-expressed in the same
striatal neurons as D2 dopamine receptors, with no A2a recep-
tors co-expressed with either D1 receptors or substance P.21,59

The loss of A2a receptors from both GPe and the caudate
nucleus and putamen in grade 0 again confirms the loss of
this subset of medium spiny projection neurons early in the
disease process. Studies inpost mortemhuman brain have
previously suggested that the A2a site may be present on
cholinergic interneurons within the caudate nucleus and

putamen33 and since the cholinergic interneurons are rela-
tively spared in Huntington’s disease,18,32 then a proportion
of A2a receptors would be expected to be preserved in the
caudate nucleus and putamen of Huntington’s disease brains.
However, a virtually total loss of A2a binding was observed in
the caudate nucleus and putamen in grades 1–3 Huntington’s
disease suggesting that the A2a receptors are either local-
ized solely to the medium spiny neurons, or that A2a receptors
are localized in part on cholinergic interneurons, and that these
neurons are also vulnerable in early Huntington’s disease.

Recent studies have demonstrated that adenosine A2arecep-
tors inhibit the activity of striatal dopamine D2 receptors by
decreasing their affinity for agonists20 and by regulating their
gene expression in enkephalinergic neurons.60 A study by
Popoliet al.48 demonstrated that CGS21680 exhibits a protec-
tive effect on dopamine induced hyperactivity in the quino-
linic acid-lesioned rat. The authors of this study therefore
suggested that A2a receptor agonists may be beneficial in
the treatment of Huntington’s disease. In support of this
suggestion, studies have shown that the activation of A2a

receptors can enhance the electrically stimulated release of
GABA in the pallidum.40 However, loss of receptor binding
in this area may limit the effectiveness of A2a specific drugs,
and furthermore, may be a contributing factor to the disease
symptoms.
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Fig. 8. Autoradiograms showing the binding of [3H]CGS21680 to adenosine A2a receptors in the caudate nucleus and putamen of: (A) control; (B) grade 0
Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. There is a very marked decrease in A2a receptor binding
in the caudate nucleus and putamen at grade 0 (B) with an almost total loss of receptors at more advanced grades of Huntington’s disease (C, D).

Scale bar�1 cm.



Within the caudate nucleus and putamen the loss of canna-
binoid receptors was in between the loss of D1 and D2 recep-
tors in grade 0 Huntington’s disease, suggesting that
cannabinoid receptors are localized on both GABA/enk and
GABA/substance P projection neurons, as has been demon-
strated previously.37 Within the globus pallidus, cannabinoid
receptor binding was dramatically decreased in the GPe in the
very early Huntington’s disease cases, and exceeded the loss
of binding density within the GPi; this finding is consistent
with GABA/enk neurons projecting to the GPe being more
vulnerable in early Huntington’s disease than GABA/
substance P neurons projecting to the GPi. The selective
vulnerability of striatal-GPe projection neurons is further
supported by the finding that the loss of cannabinoid receptor
binding within the GPe in grade 0 Huntington’s disease is
accompanied by a comparable loss of D2 and A2a receptor
binding in the GPe. These findings therefore suggest that
striatopallidal projection terminals in GPe degenerate at early
stages of Huntington’s disease. This pattern of degeneration is
further supported by the observed up-regulation of GABA
receptors in GPe in the grade 0 cases. These receptors are
postsynaptic in the globus pallidus, and their up-regulation
in Huntington’s disease has been interpreted as a denervation
supersensitivity phenomenon reflecting the loss of GABA input
secondary to the degeneration of striatal neurons.12,16,17,47,51

In contrast to the receptor changes in the GPe, where

cannabinoid and dopamine D2 receptors were lost simulta-
neously in Huntington’s disease, in the GPi the cannabinoid
receptor changes preceded alterations in D1 receptor binding.
In grade 0 Huntington’s disease there was a substantial loss of
cannabinoid receptor binding in the GPi. However, in these
cases D1 receptor binding was normal and there was no
evidence of up-regulation of GABAA receptors suggesting
the preservation of the GPi synaptic terminals in these
cases. Thus, in the grade 0 cases there appears to be a prefer-
ential loss of cannabinoid receptor binding in GPi prior to
terminal degeneration. In grade 1 Huntington’s disease, the
findings are more complicated. A further decrease in canna-
binoid receptor binding is observed, while the density of
D1 receptors remained at normal levels, suggesting intact
terminals. The preservation of striatopallidal terminals is
further supported by normal substance P concentrations in
GPi in Grade 1 cases.1,16,49 However, an up-regulation of
GABAA receptors is detectable in grade 1 Huntington’s
disease, suggesting that alterations in the functioning of
the medium spiny neurons, in the form of decreased
GABA levels, are occurring prior to any detectable terminal
degeneration.

Consistent with the results in the GPi is the finding of
a similar pattern of changes in the SN. Thus, in grade 0
Huntington’s disease cannabinoid receptors in the SN
demonstrated a pronounced decrease in binding density
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Fig. 9. Autoradiograms showing the binding of [3H]CGS21680 to adenosine A2a receptors in the putamen and globus pallidus of the lenticular nucleus of: (A)
control; (B) grade 0 Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. In the putamen, there is a very
marked decrease in A2areceptor binding at grade 0 (B) with a total loss of receptors at more advanced grades of Huntington’s disease (C, D). Compared with the
control (A), there is a total loss of A2a receptor binding in the GPe at grade 0 (B) and at more advanced grades (C, D), while the GPi shows no A2a receptor

binding in the control (A) and Huntington’s disease (B–D) brains. Scale bar�1 cm.



but D1 receptor binding was equivalent to that seen in
controls. If D1 receptors can be considered to be markers
for striatonigral terminals then these findings would again
suggest that the cannabinoid receptor binding is being
compromised prior to the degeneration of the terminals. It
is difficult to explain the possible functional significance
of the loss of CB1 receptors prior to the loss of co-localized
dopamine receptors. In recent years several excellent
studies have investigated the interactions of cannabinoid
and dopamine in the projection nuclei of the basal gang-
lia23,55–57 demonstrating a highly complex interaction
between these two systems. It is interesting to speculate
that perhaps the early down-regulation of cannabinoid recep-
tors is a compensatory mechanism in Huntington’s disease.
Albin et al.2 proposed a model for the early symptoms of
Huntington’s disease which demonstrates that decreased
GABA/enk input to the GPe of the basal ganglia results
in increased inhibition of the subthalamic nucleus, which
in turn results in disinhibition of thalamocortical fibres.
Several studies have suggested that cannabinoid receptor
activation may inhibit the release of GABA from projec-
tion terminals,41,64 thus loss of cannabinoid receptors may
result in increased GABA release within these regions,
which may compensate for the initial loss of GABAergic
functioning. That alterations in cannabinoid receptor levels

may significantly alter other neurochemistry was clearly
demonstrated recently in the production of a mouse lacking
cannabinoid receptors;62 these animals demonstrated
increases in substance P, dynorphin and enkephalin in the
caudate nucleus and putamen.

Alternatively, while D1 and cannabinoid receptors are
clearly co-localized on striatonigral and striatopallidal projec-
tion terminals, it is possible that they display an uneven distri-
bution on these terminals. This study would therefore imply
that medium spiny neurons with a higher ratio of cannabinoid
to D1 receptors are preferentially degenerating in early
Huntington’s disease. Cannabinoid compounds such as the
non-psychotropic HU-211 have been demonstrated to be
neuroprotective;13,44,68 however these compounds do not
activate the CB1 receptor. A recent study demonstrated that
tetrahydrocannabinol exposure can lead to cell death via the
CB1 receptor;8 high levels of cannabinoid receptors may
therefore render the cells more sensitive if the disease process
has resulted in increased levels of endogenous cannabinoid
agonist as has been recently reported for schizophrenia.36

Furthermore, any increase in endogenous agonist level
could result in a down-regulation of CB1 receptors. A
down-regulation in cannabinoid receptors in response to
chronic exposure to cannabinoids has been demonstrated
previously.45 We are currently investigating the levels of
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Fig. 10. Autoradiograms showing the binding of [3H]FNZ to GABAA receptors in the putamen and globus pallidus of the lenticular nucleus of: (A) control; (B)
grade 0 Huntington’s disease; (C) grade 1 Huntington’s disease; and (D) grade 3 Huntington’s disease brains. There is a gradual increasing “patchy” loss of
GABAA receptor binding in the putamen at grade 0 (B) and grade 1 (C) with an almost total loss of receptors at advanced grades of Huntington’s disease (D). In
the globus pallidus, there is a marked increase in GABAA receptor binding in the GPe at grade 0 and in both the GPe and GPi at more advanced grades of

Huntington’s disease (C, D). Scale bar�1 cm.



the endogenous agonists anandamide and 2-arachidonyl
glycerol in these brains. Interestingly, a recent study
demonstrated an increase in anandamide levels in the globus
pallidus of reserpine-treated rats, which is a model of
Parkinson’s disease.31

Whether these various neurochemical changes are occur-
ring in response to the disease process or are contributing to it
is unclear. It is not yet possible to further elucidate the
mechanisms involved here until the function of the Huntington’s

disease gene,65 and the endogenous cannabinoid ligands are
better understood. While the mechanism and significance of
the cannabinoid receptor loss is speculative at present, this
study suggests that selective vulnerability does exist among
medium spiny neurons to the degenerative processes in
Huntington’s disease. Furthermore, this study emphasizes
that the degeneration of terminals and receptors are not
necessarily parallel processes. The findings here demonstrate
the novel finding that cannabinoid receptor binding declines
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Fig. 11. Schematic summary diagrams demonstrating the relationship of the alterations in receptor binding to the pattern of degeneration of neuronsin the basal
ganglia in Huntington’s disease. (A) demonstrates the neuronal localization of receptors in the normal human brain based on previous studies in animal and
human brains. The findings presented in this study suggest that there are at least three sub-populations of GABAergic medium-sized spiny striatal efferent
neurons: GABA/ENK neurons projecting to the GPe; and two populations of GABA/SP neurons projecting to either the GPi or the SNr. (B) summarizes the
interpretation of the findings in grade 0 Huntington’s disease cases; the early degeneration of GABA/ENK neurons projecting to the GPe is suggested bythe
loss of receptor binding both within the caudate nucleus and putamen and in the GPe. Furthermore, the selective loss of cannabinoid receptor binding at grade 0
in both the GPi and the SNr in the presence of normal D1 receptors suggests that these terminals are still intact. (C) demonstrates the findings in grade 1
Huntington’s disease: the degeneration of GABA/SP neurons projecting to the SNr is indicated by the loss of both cannabinoid and D1 receptor binding in
the caudate nucleus and putamen and the SNr; also, of note is the further loss of cannabinoid receptors within the GPi, without the loss of D1 receptors in
this region, suggesting that the terminals are still intact in the GPi. (D) demonstrates that the results of the binding studies suggest that by grade 3
Huntington’s disease all pathways show advanced degeneration. The receptors lost in the various grades of Huntington’s disease are outlined in black in

B, C and D.



dramatically in early grade Huntington’s disease, prior to
the apparent degeneration of the terminals as indicated by
co-localized receptors. These changes may indicate that
cannabinoids have a central role in the progression of neuro-
degeneration in Huntington’s disease.
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Clinical Endocannabinoid Deficiency Reconsidered:
Current Research Supports the Theory in Migraine,
Fibromyalgia, Irritable Bowel, and Other
Treatment-Resistant Syndromes
Ethan B. Russo*

Abstract
Medicine continues to struggle in its approaches to numerous common subjective pain syndromes that lack ob-
jective signs and remain treatment resistant. Foremost among these are migraine, fibromyalgia, and irritable
bowel syndrome, disorders that may overlap in their affected populations and whose sufferers have all endured
the stigma of a psychosomatic label, as well as the failure of endless pharmacotherapeutic interventions with
substandard benefit. The commonality in symptomatology in these conditions displaying hyperalgesia and cen-
tral sensitization with possible common underlying pathophysiology suggests that a clinical endocannabinoid
deficiency might characterize their origin. Its base hypothesis is that all humans have an underlying endocanna-
binoid tone that is a reflection of levels of the endocannabinoids, anandamide (arachidonylethanolamide), and
2-arachidonoylglycerol, their production, metabolism, and the relative abundance and state of cannabinoid re-
ceptors. Its theory is that in certain conditions, whether congenital or acquired, endocannabinoid tone becomes
deficient and productive of pathophysiological syndromes. When first proposed in 2001 and subsequently, this
theory was based on genetic overlap and comorbidity, patterns of symptomatology that could be mediated by
the endocannabinoid system (ECS), and the fact that exogenous cannabinoid treatment frequently provided
symptomatic benefit. However, objective proof and formal clinical trial data were lacking. Currently, however,
statistically significant differences in cerebrospinal fluid anandamide levels have been documented in migrai-
neurs, and advanced imaging studies have demonstrated ECS hypofunction in post-traumatic stress disorder.
Additional studies have provided a firmer foundation for the theory, while clinical data have also produced ev-
idence for decreased pain, improved sleep, and other benefits to cannabinoid treatment and adjunctive lifestyle
approaches affecting the ECS.

Key words: anandamide; anorexia nervosa; cannabidiol; cannabinoids; depression; endocannabinoids; fibro-
myalgia; Huntington disease; irritable bowel syndrome; migraine; motion sickness; multiple sclerosis; Parkinson
disease; post-traumatic stress disorder; prebiotics; THC

Introduction: Background History and Theory
of Clinical Endocannabinoid Deficiency
The theory of clinical endocannabinoid deficiency
(CED) was presented in 2001 in two publications,1,2

but more thoroughly explored in 20043 in an article
that has subsequently been cited frequently in the lit-

erature.4 The theory of CED was based on the con-
cept that many brain disorders are associated with
neurotransmitter deficiencies, affecting acetylcholine
in Alzheimer’s disease, dopamine in parkinsonian syn-
dromes, serotonin and norepinephrine in depression,
and that a comparable deficiency in endocannabinoid
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levels might be manifest similarly in certain disorders
that display predictable clinical features as sequelae of
this deficiency.

All humans possess an underlying endocannabinoid
tone that reflects of levels of anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), the centrally acting endo-
cannabinoids, their synthesis, catabolism, and the relative
density of cannabinoid receptors in the brain. If endo-
cannabinoid function were decreased, it follows that a
lowered pain threshold would be operative, along with
derangements of digestion, mood, and sleep among the
almost universal physiological systems subserved by the
endocannabinoid system (ECS).5 The CED theory also
posits that such deficiencies could arise due to genetic
or congenital reasons or be acquired due to intercurrent
injury or disease that consequently produces characteris-
tic pathophysiological syndromes with particular symp-
tomatology.

The greatest evidence for CED is present for mi-
graine, fibromyalgia, and irritable bowel syndrome
(IBS).3 A strong case can be advanced for unifying
pathophysiological trends in the three conditions:

� All manifest hyperalgesic states must be clinically
diagnosed based on subjective criteria as all lack
characteristic tissue pathology or easily accessible
objective laboratory findings
� All are diagnoses of exclusion that often generate

extensive negative diagnostic work-ups
� They display elevated incidence of anxiety and de-

pression (in a chicken vs. egg dilemma) and have
been labeled psychosomatic in origin or worse,
wastebasket diagnoses, at one time or another by
skeptical clinicians
� Comorbidity is quite clear in the three diagnoses.

Primary headaches co-occurred in 97% of 201 fibro-
myalgia patients,6 35.6% of 101 chronic daily head-
ache (transformed migraine) subjects also fit
clinical criteria of fibromyalgia,7 and 31.6% of IBS
subjects were also diagnosable with fibromyalgia,
while 32% of fibromyalgia patients also fit for IBS8

� While some patients suffer from only one of these
syndromes, lifetime risk to develop another or all
three is quite common (Fig. 1).

An extensive list of other disorders previously cited
that may fall under the CED rubric included3 neonatal
failure to thrive,9 cystic fibrosis,10 causalgia,11 brachial
plexopathy,12 phantom limb pain, infantile colic, glau-
coma,13 dysmenorrhea,14 hyperemesis gravidarum,15

unexplained fetal wastage (repetitive miscarriages),

post-traumatic stress disorder (PTSD),16,17 bipolar dis-
ease,18 and possibly many others. All display as yet
unfathomed pathophysiological features and remain
treatment resistant. Might their underlying nature
have been missed? Recently, in a seminal article on
the ECS and its optimization,4 the authors added sup-
port for these and various other conditions.

Materials and Methods
Standard searches were undertaken of the PubMed/
National Library of Medicine database for the listed
keywords and references from pertinent literature for
pertinence to clinical cannabinoid deficiency.

IBS, CED, and the Microbiome–Gut–Brain Axis
IBS, also known as spastic colon, is a functional disor-
der characterized by gastrointestinal (GI) pain, spasm,
discomfort, and altered bowel movements, either pre-
dominantly diarrhea, predominantly constipation, or
alternating between those states. Attacks are highly
correlated with anxiety, but debate continues as to
which incites the other. Individual episodes may be
triggered by some specific foods or dietary indiscre-
tions such as overeating on holidays. While frequently
assessed as a life-long condition,19 it is clear that signif-
icant gastrointestinal insults such as food poisoning or
antibiotic administration may generate attacks that
persist, often indefinitely. IBS is the most frequent diag-
nosis in gastroenterology practices in the United States,

FIG. 1. Diagram depicting comorbidity of
migraine, fibromyalgia, and irritable bowel
syndrome.
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with prevalence in the Western world of 10–15%.19 As
an idiopathic disorder, no physical signs are pathogno-
monic, and even diagnostic procedures such as labo-
ratory tests, including those for gluten enteropathy,
colonoscopy, or barium studies, most often fail to
identify other causes,3 but more formal Rome criteria
have been established.19 Those authors characterized
the status of IBS as (p. 409) a disorder of unknown or-
igin being treated by agents with an unknown mecha-
nism of action. It has been posited that IBS represents a
visceral hypersensitivity, with features of GI allodynia
and hyperalgesia.20 A seminal review of the ECS and
its relationship with the GI tract appeared that year.21

To summarize, GI propulsion, secretion, and inflamma-
tion in the gut are all modulated by the ECS, providing a
rationale for cannabinoids as treatment candidates for
IBS.22 As examples, GI propulsion is under tonic con-
trol of the ECS,21 and cannabis was one of the first ef-
fective clinical interventions in the 19th century for
the intense secretory diarrhea associated with cholera,23

a finding which was more recently validated with mod-
ern methodology.24

The use, by its sufferers, of cannabis-based agents to
treat IBS has eventuated in large part due to the unfortu-
nate fact that conventional treatment with anticholinergics,
opioids, and antidepressants has been quite suboptimal,
while three dedicated agents have been withdrawn from
certain markets after prior regulatory approval. Two 5-
HT3 antagonists, alosetron and cilansetron, were asso-
ciated with ischemic colitis, while tegaserod, a 5-HT4

agonist, produced cardiovascular adverse events.
Additional support for the ECS as a key modulator of

GI function was provided in an examination of circular
muscle fibers from colonoscopic biopsies of surgical spec-
imens from 31 normal patients.25 AEA colocalized with
cholinergic receptors in normal colon and inhibited the
cholinergic contractile force of circular and longitudi-
nal muscles through a non-CB1 mechanism or possibly
an alternative cannabinoid mechanism not mediated
by CB1 or CB2. It was posited that inflammatory and
disease states in the gut rendered the ECS more func-
tionally important.

A 3.5-fold elevation in TRPV1-immunoreactive
nerve fibers was observed in biopsies from IBS sufferers
compared with controls ( p < 0.0001).26 The authors
observed (p. 923) that the increased TRPV1 nerve fi-
bers may contribute to visceral hypersensitivity and
pain in IBS and provide a novel therapeutic target.
Thus, a rationale exists for therapeutic interventions
that would boost AEA levels or desensitize TRPV1,

such as cannabidiol (CBD), to treat the condition.27

Although fatty acid amide hydrolase (FAAH) inhibi-
tion of CBD has been questioned by some, its ability
to raise serum AEA levels was clearly indicated when
administered in high doses to schizophrenic patients.28

Genetic variation affecting endocannabinoid metabo-
lism was observed in diarrhea-predominant IBS pa-
tients.29 THC (dronabinol) treatment slowed colonic
transit time in subjects harboring the CNRI rs806378
CT/TT genotype. Subsequently, a statistically significant
association of this gene with colonic transit in IBS with
diarrhea (IBS-D) was demonstrated ( p = 0.014).30 They
observed (p. G559) that CB1 receptor-related mecha-
nisms modify colonic transit and sensation and may in-
fluence the development of symptoms in Caucasian
patients with IBS, particularly IBS-D.

Unfortunately, while many patient surveys have
touted benefits of cannabinoid treatment of IBS symp-
toms31 and abundant anecdotal support is evident on
the Internet, little actual clinical work has been accom-
plished. In a randomized controlled trial (RCT) of 52
normal patients taking single doses of 7.5 mg of THC
versus placebo, the drug increased colonic compliance
( p = 0.045) and inhibited postprandial colonic tone
( p = 0.048) and fasting and postprandial phasic pres-
sure ( p = 0.008), with a trend toward relaxation of fast-
ing colon tone ( p = 0.096).32 Another study focused on
visceral sensitivity to rectal distention as measured by a
barostat in normal (N = 12) versus IBS (N = 10) patients
after administration of THC.33 No significant differ-
ences were noted, but adverse events were reported in
100% of participants at the 10 mg dosage. A third
small (23 IBS patients) trial of synthetic THC for a
brief interval (2 days) showed no change in transit
time.29 More formal studies with whole cannabis ex-
tracts would be illuminating.

Additional interventions may be practical on the nu-
tritional front utilizing new knowledge of the utility of
probiotics and prebiotics. A direct effect of Lactobacil-
lus acidophilus NCFM strain through oral administra-
tion to induce CNR2 mRNA expression above that of
resting human HT-29 epithelial cells ( p < 0.01) was
demonstrated along with an enhancement of morphine
antinociceptive effect in rats ( p < 0.001), which was
inhibited by administration of the CB2 antagonist,
AM-630 ( p < 0.001).34 A review of human studies of
probiotic supplements to treat IBS revealed that 34/42
trials demonstrated beneficial effects for one or more
end-points or target symptoms (pain, discomfort, bloat-
ing, distention, laboratory parameters).19 The interplay
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of the microbiome–gut–brain axis in IBS is underscored
by the recent finding that THC altered the microfloral
balance in obese diet-induced obese mice, affecting the
Firmicutes:Bacteroidetes ratio ( p = 0.021) and preventing
its increase or weight gain despite a high-fat diet.35 Thus,
optimal gut health without pain and with maintenance of
appropriate body weight seems to require a complex in-
terplay between diet, enteric flora, and endocannabinoid
balance.

Experimental models have obvious limitations, and
contrary findings are always possible. A recent study36

demonstrated in a mouse model of accelerated GI transit
that palmitoylethanolamide, an entourage endocannabi-
noid, indirectly activated CB1 receptors only under con-
ditions in which AEA or the receptors were upregulated,
not deficient. Furthermore, it is unfortunate that labora-
tory measures of serum or tissue endocannabinoid levels
have not been systematically examined in IBS.

Migraine and CED
Migraine is an extremely prevalent headache syndrome
affecting 14% of Americans, with a 3:1 female:male ratio
and $20 billion annual cost in that country.37 This au-
thor has previously reported on migraine’s treatment
by cannabis,1,3,38 and two major reviews have recently
appeared.39,40 Migraine is far more complex than merely
cranial pain. It has a genetic predilection and female pre-
dominance and presents as a predominantly hemicranial
beating headache associated with unusual associated
manifestations: nausea, photophobia, and phonophobia,
with hormonal and environmental triggers.

The possible relationship of migraine with the ECS
is highlighted by numerous findings. Anandamide
produced serotonin receptor responses consisting of
89% potentiation of 5-HT1A and 36% inhibition of
5-HT2A,41 findings that have been associated with
profiles of effective pharmacological migraine inter-
ventions that would seem to support respective activ-
ity in acute and chronic migraine (CM), respectively.
The migraine epiphenomena of photophobia and pho-
nophobia suggest an overactive sensory hyperalgesia,
just the kind of homeostatic imbalance that the ECS
tends to correct in central nervous system (CNS) func-
tion.5 The periaqueductal gray matter is a putative mi-
graine generator in which AEA is tonically active,
producing analgesia when administered or hyperalge-
sia when CB1 is pharmacologically blocked.42

A great deal of additional support for the integral role
of the ECS in migraine pathophysiology has been pro-
vided by a series of investigations linking endocannabi-

noids to the trigeminovascular system, which many
consider to lie at the root of its pathophysiology. The
first experiment43 resulted in several pertinent findings:
AEA diminished blood vessel dilation in the dura mater
induced by calcitonin gene-related peptide (CGRP)
30%, capsaicin 45%, and nitric oxide (NO) 40%. Addi-
tionally, AEA acted presynaptically to prevent release
of NO by CGRP in dural artery smooth muscle. AEA
also was released in tonic manner and displayed modu-
latory activity in the trigeminovascular system.

A subsequent article focused on vascular phenomena
associated with migraine.44 AEA caused dose-dependent
dural vessel dilation that was diminished by capsazepine,
a TRPV1 antagonist, and by CGRP8–37, a CGRP antago-
nist. (While the vascular effects of this and the prior
study may appear contradictory, it should be noted
that migraine produces vasoconstriction or vasodilation
in different phases and that these are epiphenomena of
the disorder, rather than its etiology.) The concentration
of AEA that produced these findings was far higher than
that required to activate CB1. This suggests the possibility
that repetitive administration with a TRPV1 agonist such
as CBD27 could conceivably desensitize the receptor
and thus alleviate these pathophysiological mecha-
nisms, much as capsaicin has successfully reduced
peripheral neuropathic pain with regular cutaneous
administration. Capsaicin has even been utilized in-
tranasally as an acute migraine treatment,45 and it is
thus reasonable to consider CBD as a less noxious al-
ternative desensitizing intervention.

A third publication examined trigeminovascular
neuronal responses46 with findings that WIN 55,212-
2, a potent CB1 agonist, inhibited trigeminocervical
complex A and C-fiber afferent activity, which was ab-
rogated by SR141716A, a CB1 inverse agonist. How-
ever, this finding was only obtained with AEA after
prior TRPV1 blockade by capsazepine. These findings
support possible clinical application of CB1-agonists
in migraine and cluster headache, although the authors
warned of psychoactive sequelae of agents such as THC.

In an animal model of migraine,47 AEA reduced
nitroglycerin-induced neuronal activation in the nucleus
trigeminalis caudalis and area postrema, the latter being
an emetic chemoreceptor. There was likewise an induc-
tion of expression of the immediate early gene transcrip-
tion factor Fos in the hypothalamic paraventricular and
supraoptic nuclei, in the parabrachial nucleus, and in the
brainstem periaqueductal gray matter of the brainstem.
These findings reinforce an important role of the ECS in
generation of migraine episodes.
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Various studies in Italy have focused on the etiolog-
ical relationship of platelets with migraine in affected
patients. In one48 of the studies, increased function in
AEA membrane transporter and AEA hydrolase (now
known as fatty acid amidohydrolase [FAAH], the en-
zyme that catabolizes AEA) in platelets of women with
migraine without aura was observed in comparison
with patients with episodic tension headache or con-
trols with no headaches. Interestingly, there were no
differences in CB1 receptor density in the groups,
but AEA hydrolysis was elevated in platelets of mi-
graine sufferers. Consequent decreased serum AEA
levels could theoretically lower the pain threshold in
such patients.

In another study,49 female and male migraineurs
both displayed lower FAAH and AEA membrane
transporter platelet activity, hypothesized as a possible
adaptive response to CM or a reaction to overuse of
pain killers known as analgesic rebound. An additional
study50 showed that 2-AG and AEA levels were both
profoundly reduced in the platelets of patients with ep-
isodic migraine without aura (N = 20) and CM (N = 20)
versus controls (N = 20) ( p < 0.0001).

Perhaps the strongest evidence of the existence of
CED in migraine or any disorder comes from a study51

that assayed cerebrospinal fluid (CSF) AEA levels in
15 chronic migraineurs versus 20 controls with a phe-
nomenal statistically significant difference ( p < 0.0001)
(Fig. 2). The authors opined concerning what they
termed a system failure in migraine (p. 1387):

Reduced AEA levels in the CSF of CM [chronic migraine] pa-
tients support the hypothesis of the failure of this endogenous
CB [cannabinoid] system in CM, which seems to be related to
increased CGRP and NO production in this pathological con-
dition. This finding might be due to a failure of the inhibitory
role of the endocannabinoid AEA on the trigeminovascular
system activation—.

THC (1–20 lM) and other CB1 agonists dose-
dependently diminished cortical spreading depression
amplitude, duration, and propagation velocity ( p < 0.001)
in a rat brain model, supporting its ability to inhibit
the trigeminovascular in migraine with aura.52

A clinical study examined 27 medication-overuse
headache patients, a common precipitant of migraine
exacerbation.53 Before treatment, patients displayed
decreased temporal summation thresholds, increased
pain sensation, and reduced platelet FAAH (the enzyme
that breaks down AEA) expression versus controls.
After medication withdrawal treatment and elimination
of analgesic rebound effects, FAAH activity, and tem-
poral summation thresholds significantly normalized
(both p = 0.001), supporting an etiological ECS dys-
function in these patients.

In subsequent experiments in mice,54 intraperitoneal
injection of nitroglycerine induced mechanical hyperal-
gesia that was almost totally eliminated by FAAH dele-
tion or administration of FAAH inhibitors ( p < 0.0001).

Additional supportive data on the migraine-ECS rela-
tionship are derived from genetic investigation. The CB1

gene, CNR1 mapped to chromosome 6q14-15, was
linked to migraine through haplotypic tagging with

FIG. 2. Anandamide levels in cerebrospinal fluid of chronic migraine patients versus controls, adapted from
data obtained from Sarchielli et al.51
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high significance ( p = 0.008) and indicative of a genetic
effect altering trigeminovascular activation.55 The stron-
gest linkage was to HT6 haplotype ( p = 0.002), which
correlated highly with migraine symptoms of photo-
phobia > nausea > disability. Migraineurs also showed
greater degrees of neuroticism ( p < 0.001), depression
( p < 0.001), and reported drug/alcohol abuse ( p <
0.005). Of late, many pharmaceutical companies have
pursued development of antibodies aimed at CGRP as
a therapeutic target in migraine prophylaxis,37 but it re-
mains to be seen whether this represents a more funda-
mental target than strategies focusing on the ECS.

Until recently, only case reports and surveys of use
of THC and cannabis and its effects on migraine have
been published,31,56 but a more formal observational
trial has been reported57 from a cannabis-oriented clinic
in the state of Colorado. Among 120 adults with mi-
graine for whom cannabis prophylaxis was recommen-
ded, and of which 67.8% had previously used cannabis,
the frequency of headache diminished from 10.4 to 4.6
attacks per month ( p < 0.0001) (Fig. 3). Overall, 85.1%
had decreased migraine frequency, with 39.7% reporting
positive effects: prevention of or reduced headache fre-
quency (19.8%) or aborted headache (11.6%) in this
selected and uncontrolled population employing a mix-
ture of administration techniques with unanalyzed but
presumably high-THC cannabis.

It is worth remembering that cannabis was a mainstay
of treatment of migraine in Europe and North America
for a century between 1843 and 1943,1 similarly sup-

porting claims of a high degree of efficacy of cannabis
treatment in both acute and prophylactic treatments of
migraine. Further study utilizing modern techniques
and standardized preparations with low THC and
higher titers of CBD in proper RCTs is long overdue.

Focus on Fibromyalgia
Fibromyalgia was probably first described by Sir Wil-
liam Gowers58 as fibrositis, a condition characterized
as soft tissue pain that could wander in the body, and
which was aggravated by overuse. In the 1980s, fibro-
myalgia became the preferred term due to a failure to
identify inflammation or other objective changes in tis-
sue biopsies from affected patients. Formal diagnostic
parameters (Rome Criteria) were established thereafter.
While a recent report indicated the presence of small
fiber neuropathy in a subset of patients with fibromyal-
gia symptoms59 creating possible diagnostic confusion,
this finding by no means explains all such cases. Fibro-
myalgia is noteworthy for its characteristic painful
nodules dubbed as trigger points that are particularly
prevalent in the shoulder and neck that are frequently
of sufficient severity to limit physical activity. The dis-
order has a clear association with depression and anx-
iety, but debate surrounds the timing and relationship
of these comorbidities. Like migraine, it is more preva-
lent in women and invariably disrupts sleep. The disor-
der remains controversial in some quarters, but it is
nonetheless the most common diagnosis in American
rheumatology practices.60 Many authorities now posit
a central sensitization consistent with neuropathic pain
at the root of the syndrome.61 In Italy, it was noted
that fibromyalgia, like migraine, was associated with sec-
ondary hyperalgesia, that is, a lowered threshold to pain
in areas adjacent to the primarily affected parts,62 for
which the authors suggested pharmacological NMDA
blockade for what they interpreted as a deficit in seroto-
nergic analgesia. That same year, hyperalgesia was ob-
served in association with central endocannabinoid
hypofunction in the spinal cord and that endocannabi-
noids reduced associated hyperalgesia,63 making the
ECS a prime target and CED a rational explanation.
The authors proposed that cannabinoid treatments
would be indicated for various maladies driven by a
primary afferent barrage, which would include visceral
hyperalgesia (as hypothesized in IBS), allodynia associ-
ated with neuropathic pain states, and reflex sympa-
thetic dystrophy or complex regional pain syndrome.

Cannabis or cannabinoids have been frequently
utilized by fibromyalgia patients to treat its myriad

FIG. 3. Bar graph of change in migraine
frequency after cannabis treatment, adapted
from data from Rhyne et al.57
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symptoms. In an uncontrolled trial in nine patients,
THC was administered in doses of 2.5–15 mg a day for
3 months.64 Surprisingly, the ethics committee would
not permit placebo use in the study. Unfortunately, all
but four patients left the study early secondary to THC
side effects, but those completing had marked reductions
in subjective pain visual analog scales (VAS) ( p < 0.01)
(Fig. 4). No benefits on touch-evoked allodynia, nor
pinprick hyperalgesia, were documented.

Another group examined nabilone, a semisynthetic
THC analog and CB1 agonist of 10-fold higher poten-
cy.65 Forty fibromyalgia patients received nabilone
1 mg BID for 4 weeks. Visual analog scales of pain, a
Fibromyalgia Impact Questionnaire, and anxiety scores
were all statistically significantly benefited compared
with placebo ( p < 0.02). The effects on sleep were also
assessed with nabilone66 in 31 patients with doses of
0.5–1 mg at bedtime compared with patients taking
amitriptyline 10–20 mg. Nabilone was superior on an
Insomnia Severity Index, but no benefits on pain, mea-
sure of mood, or quality of life were observed.

Herbal cannabis was utilized in an open-label man-
ner in 28 fibromyalgia patients in comparison with
an equal number of matched control patients67 in
another report. Two hours after cannabis use, VAS
scores showed a statistically significant ( p < 0.001) re-
duction of pain and stiffness, enhancement of relaxa-

tion, and an increase in somnolence and feeling of
well-being. The mental health component summary
score of the Short Form (36) Health Survey (SF-36)
was significantly higher ( p < 0.05) in cannabis users
than in nonusers.

Other cannabis-based medicine clinical trials have
been noteworthy in their benefits on symptomatic
reduction allowing sleep (reviewed in Refs.68,69),
and the same would likely be obtained in fibromyal-
gia, which displays many features in common with
other causes of peripheral neuropathic pain. A nota-
ble example would be adjunctive use of Sativex
(USAN: nabiximols) in a 5-week RCT in 125 patients
with intractable peripheral neuropathic pain with
allodynia in which it proved superior to placebo
( p = 0.00) in Box Scale-11 (BS-11) score change and
reduced dynamic allodynia test scores versus placebo
( p = 0.0420).70

While this degree of benefit is yet to be shown in for-
mal RCTs in fibromyalgia, the court of public opinion
supports its utility. A recent survey on efficacy of three
regulatory body-approved pharmaceutical fibromyal-
gia treatments versus cannabis recently garnered in ex-
cess of 1300 respondents and is available online from
the National Pain Report.71

Of the approved drugs for fibromyalgia, duloxetine
and milnacipran are mixed serotonin and adrenergic
uptake inhibitors, while pregabalin is an anticonvulsant
drug repurposed to treat neuropathic pain. Results of
the survey (Fig. 5) strongly favor cannabis over the
poorly effective prescription medicines. These results
certainly support an urgent need for more definitive
RCTs of a well-formulated and standardized cannabis-
based medicine in fibromyalgia inasmuch as existing
current medicines with regulatory approval seem to
fall quite short of the mark.

Additional Conditions Suggesting CED
The ECS has been demonstrated to play a key role in
the pathophysiology of motion sickness72 assessed by
subjecting volunteers to parabolic flight maneuvers
producing microgravity. Seven of 21 adults so tested
developed acute motion sickness with significant re-
ductions in AEA ( p = 0.04) and 2-AG ( p = 0.01) in
blood. Nausea scores correlated negatively with AEA
( p = 0.02), and even CB1 receptor mRNA gene expres-
sion in leukocytes diminished significantly ( p = 0.03)
4 h after exposure in the most adversely affected.

Animal models have clearly established the role of the
ECS in multiple sclerosis (MS).73 Direct assays of AEA

FIG. 4. Bar graph depicting decreases in pain in
the per-protocol subset of fibromyalgia patients
taking THC, adapted from data from Schley
et al.64 THC, tetrahydrocannabinol (dronabinol).
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and 2-AG in the CSF of MS patients versus controls con-
firm significant deficits in affected patients, particularly
in secondary progressive cases, confirming an impaired
endocannabinoid system,74 and affirming the value of
such measurements as a functional disease marker.

In a recent interesting finding assessing central pain
mechanisms in neuropathy due to diabetes, streptozoto-
cin was administered in a rat model that demonstrated
reduced rostroventromedial medullary AEA levels, and
in which the TRPV1 desensitizer, capsaicin, decreased
nociceptive behavioral signs,75 as well as demonstrating
the central effects of a supposedly peripheral disorder. If
corroborated in human studies, this finding might add
diabetic neuropathy to the growing list of putative endo-
cannabinoid deficiency disorders.

In 2008, a mouse model of Huntington’s disease
(HD) demonstrated a widespread impairment of endo-
cannabinoid function.76 Subsequently, in the postmor-
tem brains of human patients with HD,77 a striking loss
of immunoreactivity of CB1 in putamen and globus
pallidus was demonstrated throughout the time course
of the disorder. The degree of change was much higher
than that for enkephalin or substance P, making CB1 a
superior marker, even at earlier clinical stages. This loss
of CB1 was felt to be a potential compensatory response
as it could reduce GABA release in the striatum. A sub-
sequent positron emission tomography (PET) study in
living HD sufferers,78 employing 18F-MK9470, a CB1

ligand, demonstrated significant decreases in receptor
availability versus controls ( p < 0.0001). These reduc-

tions ranged from 15% in cerebellum up to 25% in
frontal cortex, confirming underactivity of the ECS in
HD that would disrupt neurotransmission and corre-
lated inversely with disease severity.

Direct laboratory measurements were also performed
in untreated Parkinson’s disease (PD) patients, examin-
ing CSF,79 and demonstrated a doubling of AEA levels
over age-matched controls ( p < 0.001), irrespective of
disease stage. The authors posited this as a compensa-
tory mechanism in the striatum of PD patients in an
effort to alleviate dopamine depletion. Subsequently, an-
other study80 was the first to demonstrate the role of the
ECS in synaptic long-term depression in motor circuits
in PD. The motor deficits present in rodents with dopa-
mine lesions were reversed by combining a D2 agonist
with an endocannabinoid reuptake inhibitor. This find-
ing suggests that progressive dopamine loss in PD in
striatal circuits may decrease endocannabinoid tone and
that the elevations in anandamide in PD patients may
be an attempt to compensate for this loss.

Prior animal research has elucidated the relationship
between the ECS, extinction of aversive memories,16 and
stress-induced analgesia.17 This has been supplemented
by additional evidence that stress-induced anxiety is di-
rectly related to central anandamide deficiency in mice.81

One genetic study in humans has linked genetic var-
iants of CNR1, the CB1 receptor gene, to fear extinc-
tion mechanisms.82 Homozygote and heterozygote
G-allele carriers of the gene rs2180619 showed prom-
inent extinction of fear in a virtual reality experiment,

FIG. 5. Efficacy of approved pharmaceuticals compared with cannabis in fibromyalgia according to patient
survey results, adapted from data from National Pain Report.71
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while A/A homozygotes displayed an absence of fear-
potentiated startle reactions, confirming the role of
the ECS in human fear extinction.

Recent research in humans has clarified the role of
the ECS in post-traumatic stress. Forty-six survivors
of the World Trade Center attacks were studied.83

Serum 2-AG was significantly reduced in PTSD victims
versus those without PTSD symptoms, especially those
with direct exposure, suggesting a promotion of reten-
tion of aversive memories. A negative relationship was
also noted between AEA levels and intrusive symp-
toms. The authors indicated that research to date sug-
gests a good correlation of lower serum AEA levels to
increased CB1 receptor binding sites in CNS, as was
demonstrated in a PET study of untreated PTSD pa-
tients.84 The CB1-selective radioligand [11C]OMAR
on PET revealed higher volume of distribution (VT)
with lower AEA tone in PTSD ( p = 0.001) by 19.5%
over healthy controls and 14.5% over traumatized
patients without PTSD. Cortisol levels were lower in
PTSD and trauma patients versus controls and OMAR
VT, AEA, and cortisol together correctly identified
85% of PTSD cases. Women had greater CB1 receptor
availability under basal conditions, suggesting greater
susceptibility to development of PTSD, in accord
with epidemiological observations. Agents increasing
AEA availability were suggested as possible therapy
and such availability might reflect compensatory upre-
gulation as a reaction to reduced endocannabinoid lev-
els. Three excellent recent reviews reinforce these
findings.85–87

The criticality of ECS function in other psychiatric
syndromes has been evidenced in studies of major de-
pression, which is now thought of less as a failure of
monoamine neurotransmission and more as a disorder
of CNS plasticity with an inflammatory component,
or even as a degenerative disease88 directly linked to
endocannabinoid deficiency. Additionally, AEA levels
were eightfold higher in CSF of untreated acute schizo-
phrenics than in controls ( p = 0.000), and AEA was
negatively correlated with psychotic symptoms ( p =
0.001), representing a compensatory mechanism to
the disorder.89 Recent clinical trial work supports the
utility of cannabidiol in its treatment.28

PET was also employed in a study of adult female
anorexia nervosa and bulimia patients,90 demonstrat-
ing that global CB1 receptor availability was increased
in anorexia over controls in cortical and subcortical
areas ( p = 0.0003), in the insula in both anorexia and
bulimia patients ( p = 0.01 and p = 0.004, respectively),

and in the inferior frontal and temporal areas in an-
orexia ( p = 0.02). The authors related these chronic
upregulations of CB1 activity to presumed ECS hypoac-
tivity (p. 780). Interestingly, peripheral serum AEA is
elevated in anorexia. Long ago, a single RCT was un-
dertaken in anorexia nervosa in 11 female patients
comparing THC to diazepam in a double-blind cross-
over study.91 No increased weight gain was noted in
the THC group, but dosing was seemingly excessive
(up to 30 mg daily), as evidenced by paranoid ideation
and loss of control in three patients (27%). More recent
experience would suggest that lower THC dosing with
a cannabis-based preparation, as opposed to pure THC,
might yield different results with prospects for not only
fewer adverse events, but increased efficacy as well.92–94

Certainly, additional trials are warranted in this com-
mon and difficult clinical context.

Given the current seemingly increased incidence and
recognition of autistic spectrum disorders, it is useful to
note their possible relationship with the ECS. Genes asso-
ciated with these disorders also regulate ECS function:
neuroligin-3 R451C-knockin and neuroligin-3 knockout
mutations in mice impaired tonic endocannabinoid
signaling,95 with the authors suggesting therapeutic ap-
proaches in the human affliction to address this finding.
Similarly, presynaptic b-neurexins controlled synaptic
signals in excitatory synapses through regulation of post-
synaptic 2-AG production96 and were said to be essential
for control of tonic endocannabinoid signaling.

Conclusions, Caveats, and Suggestions
for Additional Research on and Treatment of CED
The current review has examined the concept of CED
and presented more than a decade of supportive objec-
tive evidence. However, certain caveats are necessary.
One is that contradictory findings are not only possible
but also common. This is due, in part, to the often re-
ciprocal relationships between the two major endocan-
nabinoids, AEA and 2-AG, as expansively demonstrated
in a current review87: Anandamide is most often the
tonic signaling agent of the ECS and regulator of syn-
aptic transmission, while 2-arachidonoylglycerol acts
as a phasic signal activator in neuronal depolarization
and mediator of synaptic plasticity. Thus, discordant
levels of the two endocannabinoids may frequently be en-
countered. Additionally, while CED may be harmful,
excesses clearly are, as well, with obvious examples of
obesity, metabolic syndrome, and hepatic fibrosis.97

Aside from the evidence of depressed AEA levels in
the CSF of migraine sufferers51 and the other examples
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presented here, there has been little direct objective ev-
idence of the CED theory in patients until quite re-
cently. Additional investigations in a similar vein to
assess endocannabinoid levels in the serum or spinal
fluid of migraine, IBS, and fibromyalgia versus controls
would be illuminating. Anatomic and physiological
scanning techniques (e.g., fMRI, PET) are not yet capa-
ble of producing real-time direct assessments of endo-
cannabinoid levels in living patients, but hopefully
research will soon allow this type of screening assess-
ment in health and disease. Similarly, genomic testing
has produced great strides in elucidating the mutations
responsible for many congenital conditions, but has
not yet fully plumbed the depths of regulation of
gene function that may well underlie the putative
CED conditions discussed herein.

RCTs of CED conditions are certainly well justified
on the basis of current data and should replace the cur-
rent largely uncontrolled black market experiments
that desperate patients with these afflictions are con-
temporaneously forced to undertake in their quest for
relief of their symptoms.

Various strategies to treat CED conditions are possi-
ble. A direct approach with CB1 agonists must recog-
nize the fact that the ECS operates as a homeostatic
regulator that sometimes requires a gentle pharmaco-
logical nudge, rather than a forceful shove, by synthetic
full agonists. Thus, small doses of a weak partial agonist
(e.g., THC) should be considered, which would not in-
duce tolerance and may jump-start the ECS. Even THC
alone is poorly tolerated or appreciated by patients,98

and standardized whole cannabis extracts that contain
additional synergistic and buffering components, such
as CBD and cannabis terpenoids, are certainly prefera-
ble.93 Alternatively, FAAH inhibitors will also raise AEA
levels, but only CBD among them has achieved current
legal commercial market availability. Pharmaceutical ap-
proaches affecting endocannabinoid transport or its ge-
netic regulation would also hold promise. Beyond drug
interventions, a growing body of knowledge supports
the realistic goal that lifestyle approaches should be in-
tegral to the treatment of CED; specifically, low-impact
aerobic regimens have demonstrated beneficial ef-
fects on endocannabinoid function,99 and as discussed
above, dietary manipulations with probiotics and
prebiotics may ameliorate not only IBS symptoms
but also the entire spectrum of CED conditions. Ulti-
mately, multimodality approaches are most likely to
be fruitful in treatment of these common yet difficult
clinical challenges.
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Abstract Different plant-derived and synthetic cannabinoids
have shown to be neuroprotective in experimental models of
Huntington’s disease (HD) through cannabinoid receptor-
dependent and/or independent mechanisms. Herein, we stud-
ied the effects of cannabigerol (CBG), a nonpsychotropic
phytocannabinoid, in 2 different in vivo models of HD. CBG
was extremely active as neuroprotectant in mice intoxicated
with 3-nitropropionate (3NP), improving motor deficits and
preserving striatal neurons against 3NP toxicity. In addition,
CBG attenuated the reactive microgliosis and the upregulation
of proinflammatory markers induced by 3NP, and improved
the levels of antioxidant defenses that were also significantly
reduced by 3NP. We also investigated the neuroprotective

properties of CBG in R6/2 mice. Treatment with this
phytocannabinoid produced a much lower, but significant,
recovery in the deteriorated rotarod performance typical of
R6/2 mice. Using HD array analysis, we were able to identify
a series of genes linked to this disease (e.g., symplekin, Sin3a,
Rcor1, histone deacetylase 2, huntingtin-associated protein 1,
δ subunit of the gamma-aminobutyric acid-A receptor (GABA-
A), and hippocalcin), whose expression was altered in R6/2
mice but partially normalized by CBG treatment. We also
observed a modest improvement in the gene expression
for brain-derived neurotrophic factor (BDNF), insulin-
like growth factor-1 (IGF-1), and peroxisome proliferator-
activated receptor-γ (PPARγ), which is altered in these mice,
as well as a small, but significant, reduction in the aggregation
of mutant huntingtin in the striatal parenchyma in CBG-
treated animals. In conclusion, our results open new research
avenues for the use of CBG, alone or in combination with
other phytocannabinoids or therapies, for the treatment of
neurodegenerative diseases such as HD.

Key Words Phytocannabinoids . cannabigerol .

Huntington’s disease . inflammation . neuroprotection

Introduction

Huntington’s disease (HD) is an inherited neurodegenerative
disorder characterized by motor abnormalities, cognitive dys-
function, and psychiatric symptoms [1]. The primary cause of
the disease is a mutation in the huntingtin gene, which consists
of a CAG triplet repeat expansion translated into an abnormal
polyglutamine tract in the amino-terminal portion of this
protein that becomes toxic for striatal and cortical neuronal
subpopulations [2]. At present, there is no specific pharmaco-
therapy to alleviate motor and cognitive symptoms and/or to
arrest/delay disease progression in HD. Thus, even though a
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few compounds have produced encouraging results in preclin-
ical studies (i.e., unsaturated fatty acids, inhibitors of histone
deacetylases, coenzyme Q10, minocycline), none of the find-
ings obtained in these studies have yet led to the development
of an effective medicine [3]. Importantly, following on from
an extensive preclinical evaluation using different experimen-
tal models of HD (reviewed in [4] and [5]), clinical tests are
now being performed with cannabinoids. Using experimental
models that reproduce different cytotoxic stimuli that operate
in HD pathogenesis, for example rodents treated with mito-
chondrial toxins (e.g., inhibitors of mitochondrial complex II),
quinolinate-lesioned mice, or transgenic mice bearing mutated
forms of human huntingtin, preclinical studies with cannabi-
noids demonstrated preservation of striatal neurons [6–11].
The beneficial effects of cannabinoids were exerted through
multiple mechanisms of action, including cannabinoid recep-
tor type 1 (CB1) activation (e.g., excitotoxic models [8, 11]),
cannabinoid receptor type 2 (CB2) activation (e.g., inflamma-
tory models [10]), and CB1/CB2-independent mechanisms.
For example, cannabinoid receptor-independent effects were
induced by compounds with antioxidant profiles, such asΔ9-
tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD), and
were particularly evident against the toxicity caused by the
mitochondrial complex II inhibitor 3-nitropropionic acid
(3NP), which primes oxidative injury [6, 7]. The combination
of botanical extracts enriched in these 2 phytocannabinoids,
similar to the formulation of the already approved cannabis-
based medicine, Sativex® (GW Pharmaceuticals, Salisbury,
UK) [12, 13], also preserved striatal neurons in rats subjected
to 3NP intoxication [14], a model priming, as mentioned
above, calpain activation and oxidative injury as major cyto-
toxic mechanisms and in which, as mentioned above, both
Δ9-THC [6] and CBD [7], administered separately, have al-
ready been found to display neuroprotective properties. These
effects of the Sativex®-like combination of phytocannabinoids
were also, as expected, independent of CB1 and CB2 recep-
tors [14], and attributed to the inherent antioxidant proper-
ties of both phytocannabinoids that may depend on their
particular chemical structure (reviewed in [15]). In addi-
tion, it has been suggested that Δ9-THC, and especially
CBD, may exert its neuroprotective effects by regulating
the activity of inducible transcription factors such as nucle-
ar factor kappa B (NF-κB), nuclear factor erythroid 2-
related factor 2 (Nrf-2), and peroxisome proliferator-
activated receptor (PPARγ) [16].

Cannabigerol (CBG) is another major phytocannabinoid
having a pharmacological profile relatively similar to Δ9-
THC and CBD in relation to its CB-independent activities.
CBG is nonpsychotropic and does not bind or activate CB1 or
CB2 [17, 18]. However, CBG is antioxidant [17, 18], as well
as anti-inflammatory, as it inhibits lipopolysaccharide-
induced (LPS) release of proinflammatory cytokines and pros-
taglandin E2 in primary microglial cells [19], activates

PPARγ [19], and attenuates murine colitis induced by
intracolonic administration of dinitrobenzene sulfonic acid
[20]. CBG also targets α-2 adrenergic receptors [21], and
serves as an antagonist of serotonin 5-hydroxytryptamine 1A
receptors (5HT1A) [21]. CBG has not been studied in HD but
its pharmacological profile (e.g., antioxidant and activator of
PPARγ) presents certain interest as a potential disease-
modifying agent in this disorder. This possibility prompted us
to extend our preclinical work with classic phytocannabinoids
in HD to CBG using first a neurotoxin-based model, 3NP-
lesioned mice. This is a model in which the death of striatal
neurons is predominantly associated with the occurrence of
mitochondrial dysfunction, calpain activation, and oxidative
stress [14, 22]; therefore, a model in which CBG may be
beneficial owing to its antioxidant and anti-inflammatory ac-
tivities. Moreover, we also wanted to study CBG in R6/2 mice,
a transgenic model of HD that reproduces a very aggressive
pathological phenotype and that is frequently used in preclin-
ical evaluation of potential neuroprotective compounds. Can-
nabinoids other than CBG are particularly active in this murine
model [8, 9]. To this end, we subjected 3NP-lesioned or R6/2
mice, and their respective controls, in two separate experiments
to daily treatments with CBG at a dose of 10 mg/kg. In the case
of 3NP-lesionedmice, the treatmentswere prolonged for 4 days
before the animals were euthanized and their brains collected
for further analysis. In the case of R6/2 mice, treatments began
at 4 weeks and were prolonged up to 10 weeks after birth, the
age at which animals were also euthanized and their brains
collected for further analysis. The progression of neurological
deficits (e.g., failed rotarod performance, altered locomotor
activity, clasping, dystonia) was recorded before (only in
R6/2 mice) and/or during (in both experiments) the treatment
period, whereas for the extent of the striatal damage, the brains
were analyzed using different histological parameters [e.g.,
Nissl staining; NeuN or dopamine- and cyclic adenosine
monophosphate-regulated phosphoprotein, Mr 32 kDA
(DARPP-32) immunostaining; reactive microgliosis deter-
mined with Iba-1 immunohistochemistry; astrogliosis labelled
with glial fibrillary acidic protein (GFAP) immunostaining],
and the expression of various biochemical markers related to
the endocannabinoid signaling system [e.g., CB1 and CB2,
fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL) enzymes] or that have been found previously
to be altered in different HD models [e.g., the neurotrophins
brain-derived neurotrophic factor (BDNF) and insulin-like
growth factor-1 (IGF-1), the glutamate transporters GLT-1
and glutamate aspartate transporter (GLAST), DARPP-32,
some antioxidant enzymes, and proinflammatory enzymes
and cytokines] [2, 8–10, 14, 23]. The striatal samples from
both experiments were also analyzed with a specific HD
polymerase chain reaction (PCR) array system. We performed
an additional experiment conducted with CBG in striatal pro-
genitor cell lines STHdhQ7/Q7 and STHdhQ111/Q111 expressing
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endogenous wild-type and mutant huntingtin, respectively,
which was aimed at determining the effects of this
phytocannabinoid on PPARγ receptors (see Supplementary
Information).

Materials and Methods

Animals and Treatments

All animals used in this study were housed in a room with a
controlled photoperiod (08:00–20:00 light) and temperature
(22±1 °C) with free access to standard food and water. All
experiments were conducted according to local and European
rules (European Union directive 86/609/EEC) and approved
by the respective animal research ethic committees of our
universities (Universidad de Córdoba and Universidad
Complutense). To induce lesions of the striatum, 16-week-
old C57BL/6 male mice (Harlan Ibérica, Barcelona, Spain)
were subjected to seven intraperitoneal (i.p.) injections of
50 mg/kg 3NP [Sigma-Aldrich, St. Louis, MO, USA; one
injection each every 12 h prepared in phosphate-buffered
saline (PBS)]. 3NP-treated animals and their respective
nonlesioned controls (injected with PBS) were used for phar-
macological studies with CBG (THC Pharm GmbH, Frank-
furt, Germany). Treatments consisted of 4 i.p. injections every
24 h with CBG at a dose of 10 mg/kg, a dose within the range
of effective doses for phytocannabinoids in HD and other
disorders when they were administered in pure form [8–11,
14] or vehicle (0.2 % dimethyl sulfoxide plus 5 % bovine
serum albumin in PBS), with the first and the last injections
30 min before the first and the last injections of 3NP, respec-
tively. All animals were euthanized 12 h after the last injection
of 3NP. In a second experimental approach, we used a colony
of R6/2 and wild-type mice generated from initial breeders
obtained from Jackson Laboratories (Bar Harbor, ME, USA;
code: B6CBA-Tg(HDexon1)62Gbp/1 J; 160±5 repeat expan-
sions), which is presently available in our animal facilities.
The colony was maintained by back-crossing R6/2 males with
B6CBAF1/J females. Animals were subjected to genotyping
to confirm the presence of the transgene with the mutated
huntingtin (see details in [8] and [9]). Male R6/2 and wild-
type animals were used at the age of 4 weeks after birth, an age
at which motor symptoms have not appeared yet [8, 9]. Mice
were treated daily with i.p. injections of CBG (10 mg/kg) or
vehicle (Tween 80-saline, 1:16) up to the age of 10 weeks, at
which point the animals were euthanized (always 24 ho after
the last injection of CBG).

Sampling

Once euthanized, mice were dissected and their brains re-
moved. The right hemisphere was used to dissect the striatum,

which was frozen in 2-methylbutane cooled in dry ice and
stored at −80 °C for biochemical analyses [quantitative re-
verse transcription (qRT)-PCR, enzyme activities, array sys-
tem]. The left hemisphere was fixed in fresh 4 % paraformal-
dehyde (in 0.1 M PBS) for 36 h at 4 °C, followed by
cryoprotection in 30 % sucrose and storage at −80 °C for
staining and immunohistochemical analysis. In all experi-
ments, at least 6–8 animals were used per experimental group.

Evaluation of the Neurological Deterioration

Mice were subjected to different behavioral tests for determin-
ing their neurological status. In R6/2 mice, we evaluated
motor coordination in the RotaRod test, using a LE8200
device (Harvard Apparatus, Barcelona, Spain), with accelera-
tion from 4 to 40 r.p.m. over a period of 600 s. Mice were
tested on 1 day every week from week 4 of age, for 4
consecutive trials, with a rest period of approximately
20 min between trials. Data from the first trial were not used
in the statistical analyses. The first RotaRod performance, at
week 4, was established as basal performance. In 3NP-
lesioned mice, we evaluated the motor activity (ambulation
in an automated actimeter), the hindlimb clasping and dysto-
nia, and the truncal dystonia, following previously-described
procedures [24]. All behavioral tests were conducted prior to
drug injections to avoid acute effects of the compounds under
investigation.

Real-time qRT-PCR Analysis

Total RNA was isolated from striata using either SurePrep
RNA/Protein Purification Kit (Fisher Bioreagents, Madrid,
Spain) or RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany). The total amount of RNA extracted was quantitat-
ed by spectrometry at 260 nm and its purity from the ratio
between the absorbance values at 260 and 280 nm. After
genomic DNA was removed (to eliminate DNA contamina-
tion), single-stranded complementary DNA was synthesized
from up to 1 μg of total RNA using Rneasy Mini Quantitect
Reverse Transcription (Qiagen) and the iScript cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA). The reaction mix-
ture was kept at −20 °C until enzymatic amplification. In the
case of samples from R6/2 mice, quantitative RT-PCR assays
were performed using TaqMan Gene Expression Assays (Ap-
plied Biosystems, Foster City, CA, USA) to quantify mRNA
levels for CB1 (ref. Mm01212171_s1), CB2 (ref.
Mm02620087_s1), FAAH (ref. Mm00515684_m1), MAGL
(ref. Mm00449274_m1), IGF-1 (ref. Mm00439560_m1),
BDNF (ref . Mm04230607_s1) , DARPP-32 (ref .
Mm00454892_m1), GLT-1 (ref. Mm00441457_m1), GLAST
(ref. Mm00600697_m1), tumor necrosis factor (TNF)-α (ref.
Mm00443260_g1), and PPARγ (ref. Mm01184322_m1)
using glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
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expression (ref. Mm99999915_g1) as an endogenous con-
trol gene for normalization. The PCR assay was performed
using the 7300 Fast Real-Time PCR System (Applied
Biosystems) and the threshold cycle (Ct) was calculated
by the instrument’s software (7300 Fast System; Applied
Biosystems). The iQTM SYBR Green Supermix (Bio-Rad)
was used to quantify mRNA levels, in samples from 3NP-
lesioned mice, for cyclooxygenase (COX)-2, TNF-α, inter-
leukin (IL)-6, and inducible nitric oxide synthase (iNOS).
Real-time PCR was performed using a CFX96 Real-Time
PCR Detection System (Bio-Rad). The GAPDH house-
keeping gene was used to standardize the mRNA expres-
sion levels in every sample. Expression levels were calcu-
lated using the 2-ΔΔCt method. Sequences of oligonucleo-
tide primers are given in Table 1. The complementary DNA
samples were also used for an array analysis using the RT2

Profiler PCR Array Mouse HD (PAMM-123Z; Qiagen),
which has been designed with 84 HD-related genes, fol-
lowing the manufacturer’s instructions.

Measurement of Oxidative Stress Parameters

To determine different parameters related to oxidative stress
and antioxidant systems, the right striatum obtained from
3NP-lesioned and control mice was homogenized in 0.1 M
phosphate buffer (pH 7.4) using an Ultra-Turrax (IKA,
Staufen im Breisgau, Germany) for 30 s on ice. Homogenates
were cleared by centrifugation at 13,400 g at 4 °C and the
supernatants were collected. The protein content of the sam-
ples was determined using the Bradford assay. Catalase activ-
ity was assayed by the method described by Luck [25] in
which the breakdown of hydrogen peroxide (H2O2) is mea-
sured at 240 nm. Briefly, the assay mixture consisted of
12.5 mM H2O2 in 50 mM phosphate buffer (pH 7.0) and
0.05 ml of the supernatant of each striatal homogenate
(10 %), and the change in absorbance was recorded at
240 nm. Enzyme activity was calculated using the millimolar
extinction coefficient of H2O2 (0.07). The results are
expressed as percentage of the mean activity in the control
group. Superoxide dismutase (SOD) activity was assayed
according to the method described by Kono [26], wherein
the reduction of nitroblue tetrazolium chloride (NBT) was
inhibited by the SOD that was measured at 560 nm spectro-
photometrically. Briefly, the reaction was initiated by the

addition of 20 mM of hydroxylamine hydrochloride to the
mixture containing 1 mM of NBT and 0.1 ml of each striatal
homogenate. The results are expressed as percentage of the
mean activity in the control group. Reduced glutathione
(GSH) levels in each striatal homogenate were estimated
according to the method described by Ellman [27]. The tissue
samples (0.1 ml) were treated with trichloroacetic acid (10 %)
during 30 min at room temperature and then centrifuged at
600 g for 15 min. The supernatants were collected and incu-
bated with 6 mM 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB). DTNB and GSH react to generate 2-nitro-5-
thiobenzoic acid and glutathione disulfide (GSSG). Since 2-
nitro-5-thiobenzoic acid is a yellow-colored product, its deter-
mination at 412 nm is used as an index of GSH concentra-
tions, which are represented as percentage of mean levels
found in the control group.

Histological Analyses

Brains fixed in 4% paraformaldehyde and cryoprotected in 30%
sucrose were sliced (30-μm thick) with a cryostat at the level of
the caudate-putamen and collected on gelatin-coated slides for
immunohistochemical analysis of 1) EM48, a marker of mutant
huntingtin aggregates, using a monoclonal anti-mouse EM48
antibody (Millipore, Billerica, MA, USA) used at 1/400 (see
details in [28]); and 2) DARPP-32, a marker of striatal projection
neurons, using a monoclonal anti-mouse DARPP-32 antibody
(Cell Signaling Technology, Danvers, MA, USA) used at 1/300.
In the case of 3NP model, 5-μm-thick sections were used for
Cresyl-violet staining (see details in [29]) and for immunohisto-
chemical analysis of 1) NeuN, a marker of neurons, using a
monoclonal antimouse NeuN antibody (Millipore) used at 1/
100; 2) Iba-1, a marker of microglial cells, using a monoclonal
anti-mouse Iba-1 antibody (Millipore) used at 1/50; and 3)GFAP,
a marker of astrocytes, monoclonal antimouse GFAP antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) used at 1/50.
In all cases, sections were incubated overnight at 4 °C. After
incubation with the corresponding primary antibody, sections
were washed in 0.1 M PBS and incubated for 2 h at room
temperature with the appropriate biotin-conjugated antirat
(1:500; Millipore), biotin-conjugated antirabbit (1:300; Sigma/
Aldrich,Madrid, Spain) or goat antimouse (Millipore) secondary
antibodies. Reaction was revealed with the Vectastain® Elite
ABC kit (Vector Laboratories, Burlingame, CA, USA). Negative

Table 1 List of mouse primer
sequences used in quantitative
polymerase chain reaction

Gene Forward Reverse

IL6 5’ -GAACAACGATGATGCACTTGC- 3’ 5’ -TCCAGGTAGCTATGGTACTCC- 3’

iNOS 5′ -AACGGAGAACGTTGGATTTG-3´ 5´-CAGCACAAGGGGTTTTCTTC-3´

COX-2 5´-TGAGCAACTATTCCAAACCAGC-3´ 5´-GCACGTAGTCTTCGATCACTATC-3´

TNFα 5’ -AGAGGCACTCCCCCAAAAGA-3’ 5’ -CGATCACCCCGAAGTTCCCATT-3’

GAPDH 5´-TGGCAAAGTGGAGATTGTTGCC-3´ 5´-AAGATGGTGATGGGCTTCCCG-3´
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control sections were obtained using the same protocol with
omission of the primary antibody. All sections for each immu-
nohistochemical procedure were processed at the same time and
under the same conditions. A Nikon Eclipse 90i microscope
and a Nikon DXM 1200 F camera (Nikon, Tokyo, Japan) were
used for slide observation and photography, and all image
processing was done using ImageJ (National Institutes of
Health, Bethesda. MD, USA). For this purpose, multiple sec-
tions, selected from levels located approximately 200 μm from
the middle of the lesion, were obtained from each brain and
used to generate a mean value per subject. In the case of the
quantification of EM48 and DARPP-32 immunostaining, three
30-μm-thick slices (at a distance of 360 μm each other) per
animal and 4 images at a magnification of 40× per each slice
were used. The number of aggregates, or of DARPP-32-stained
cells, was expressed as the mean value per field.

Cell Cultures and PPARγ Transcriptional Activity

Additional experiments were conducted in conditionally immor-
talized striatal progenitor cell lines STHdhQ7/Q7 expressing en-
dogenous wild-type huntingtin, and STHdhQ111/Q111 expressing
comparable levels of mutant huntingtin with 111 glutamines
[30]. Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Lonza Ibérica, Barcelona, Spain) supple-
mented with 4 % fetal bovine serum and 4 % bovine growth
serum, 2 mM L-glutamine, and antibiotics. The cells were
grown at 33 °C in a humidified atmosphere containing 5 %
CO2. In 24-well plates, 10

5 cells/ml were cultured and transient-
ly co-transfected with the expression vector GAL4-PPARγ and
the luciferase reporter vector GAL4-luc using Roti®-Fect (Carl
Roth, Karlsruhe, Germany) following the manufacturer’s in-
structions. Twenty-four hours post-transfection, cells were treat-
ed with increasing concentrations of CBG for 6 h. Then, the
cells were lysed in 25mMTris-phosphate pH 7.8, 8mMMgCl2,
1 mM dithiothreitol, 1 % Triton X-100, and 7 % glycerol.
Luciferase activity was measured in the cell lysate using a
TriStar LB 941 multimode microplate reader (Berthold, Bad
Wildbad, Germany) and following the instructions of the Lucif-
erase Assay Kit (Promega, Madison, WI, USA). Protein
concentration was measured by the Bradford assay (Bio-
Rad). The background obtained with the lysis buffer
was subtracted in each experimental value and the spe-
cific transactivation expressed as a fold induction over
untreated cells. All the experiments were repeated at
least 3 times. Rosiglitazone was purchased from Cay-
man Chemical Company (Ann Arbor, MI, USA) and
used as a positive control in these in vitro experiments.

Statistics

Data were assessed by one- or two-way analysis of variance,
as required, followed by the Student–Newman–Keuls test.

Results

Study of Neuroprotective Effects of CBG in 3NP-lesioned
Mice

The intoxication of mice with 3NP resulted in a myriad of
neurological, biochemical, and histological effects that were
reminiscent of some aspects of HD pathology (reviewed in
[22]). For example, 3NP-treated mice exhibited high scores in
hindlimb clasping [F(3,26)=13.87; P<0.01], dystonia
[F(3,26)=10.55; P<0.01], and in general locomotor activity
[F(3,26)=18.742; P<0.01] compared with control animals
(Fig. 1). A similar tendency was seen for truncal dystonia,
but it was not statistically significant (Fig. 1). In these animals,
the administration of CBG improved the motor deficits typical
of 3NP-lesioned mice by reducing hindlimb clasping and
dystonia and general locomotor activity, but had no effect on
trunkal dystonia (Fig. 1).

The striatal parenchyma of these 3NP-treated animals
showed an important reduction in Nissl-stained cells
[>50%; F(3,8)=96.89,P<0.01], which indicates an important
degree of neuronal death caused by 3NP that was clearly
prevented by treatment with CBG (Fig. 2). Neuronal cell death
was confirmed by NeuN immunohistochemistry, which
proved a reduction of about 50 % in the immunolabelling
for this neuronal marker in the striatal parenchyma of 3NP-
lesioned mice [F(3,8)=92.46; P<0.01], which was paralleled
by a notable increase in GFAP [F(3,8)=83.984; P<0.01] and
Iba-1 [F(3,8)=112.267; P<0.01] immunostainings, indicating
the occurrence of astrogliosis and reactive microgliosis, re-
spectively (Fig. 3). NeuN immunostaining confirmed that
CBG treatment prevented 3NP-induced neuronal loss
(Fig. 3A). However, this treatment did not reduce the number
of GFAP-positive cells, which, in fact, experienced an in-
crease (Fig. 3B), and produced only a modest reduction in
the reactive microgliosis (Iba-1-positive cells) (Fig. 3C). The-
se observations were not unexpected as glial activation has
been reported to be very poor after 3NP intoxication in rodents
[6, 7, 14], oxidative injury and calpain activation being the key
cytotoxic events underlying neuronal death in this experimen-
tal model [22].

As microglia activation and astrogliosis were barely or not
affected by CBG, we were interested to investigate the mRNA
expression of specific proinflammatory markers. We show
that the expression of inflammatory enzymes, for example
COX-2 [F(3,8)=29.071; P<0.01 (Fig. 4A)] and iNOS
[F(3,8)=34.051; P<0.01 (Fig. 4D)], and the expression of
proinflammatory cytokines, for example TNF-α [F(3,8)=
53.869; P<0.01 (Fig. 4B)] and IL-6 [F(3,8)=6.091; P<0.05
(Fig. 4C)] were significantly upregulated in 3NP-lesioned
mice. CBG significantly attenuated the upregulation of all
the proinflammatory markers induced by 3NP (Fig. 4). Taken
together, these results suggest that CBG mediates its anti-
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inflammatory activity on activated microglia and not in the
signaling pathways that drive microglia cells from a resting
state to an activated state.

Next, we used the striatum of 3NP-lesioned mice for anal-
ysis of some biochemical markers related to oxidative stress
(e.g., catalase activity, SOD activity and GSH levels), which
are particularly affected in this model [22]. As expected, there
was a marked reduction in the activities of catalase [F(3,8)=

12.593; P<0.01 (Fig. 5A)] and, in particular, SOD [F(3,8)=
20.262; P<0.01 (Fig. 5C)], as well as in the levels of GSH
[F(3,8)=4.487; P<0.05 (Fig. 5B)] compared with controls.
CBG treatment recovered the activities of antioxidant en-
zymes, for example catalase, SOD-1, and the levels of GSH
were reduced in the striatum of 3NP-intoxicated mice (Fig. 5).
Collectively, these effects were compatible with an important
neuroprotective effect exerted by CBG against the striatal
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Fig. 2 Systemic administration of 3-nitropropionic acid (3NP) leads to a
progressive and selective degeneration in the striatum. (Left) Cresyl violet
staining was performed on brain sections from control, cannabigerol
(CBG)-, 3NP-, and 3NP + CBG-treated mice. Low (left column) and
high magnification (right column) showing the selective loss of cells in
the striatum at day 5 (pale region, outlined). This lesion was not detect-
able in the group that received CBG. Images were acquired by using light

microscopy. (Right) Quantification of Nissl-positive cells in the mouse
striatum. Total average number of neurons (100× magnification) is
shown. Values are expressed as means ± SEM for 6–8 animals per group.
Data were subjected to one-way analysis of variance followed by the
Student–Newman–Keuls test. ***P<0.001 when comparing the control
group with the 3NP and CBG group. ###P<0.001 when comparing the
3NP group with the 3NP + CBG group
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damage caused by 3NP, which is also supported by the fact
that the phytocannabinoid was mostly inactive on these pa-
rameters when it was administered to nonlesioned control
animals (Figs 1–5).

Lastly, cDNA samples obtained from the striatum of ani-
mals lesioned with 3NP, their controls, and the 3NP-lesioned
mice that were treated with CBG were analyzed with a spe-
cific HD array that measured the mRNA expression of 84
genes related to HD (Table S1; see Supplementary Informa-
tion). Our purpose was to identify possible genes that, being
affected by 3NP insult reproducing the changes observed in
the human pathology, may be normalized by treatment with
CBG. Using this HD RT-PCR panel, we found only 2 genes,
Cd44 and Sgk1, to be significantly upregulated (>2-fold in-
duction or repression). Cd44 was induced in 3NP mice com-
pared with control mice (3.0-fold induction) and was signifi-
cantly downregulated in 3NP mice treated with CBG (−1.3-
fold repression). Sgk1 was induced in 3NP mice compared

with control mice (2.7-fold induction) and was also signifi-
cantly downregulated in 3NP mice treated with CBG (−1.41-
fold repression). Although, in general, these results confirm
that the molecular mechanisms underling HD physiopatholo-
gy are quite different in 3NP and R6/2 murine models (see
below), previous studies have confirmed the relation of these
two genes with HD and other neuroinflammatory disorders
[31, 32].

Study of Neuroprotective Effects of CBG in R6/2 Mice

We also investigated the neuroprotective properties of CBG in
a transgenic murine model of HD, the R6/2 mice, which
exhibit a very aggressive pathological phenotype that recapit-
ulates most of the cytotoxic mechanisms that operate in the
human pathology. Thus, compared with wild-type animals,
R6/2 mice exhibited a characteristic loss of weight that was
initiated at 8 weeks of age and that worsened at 10 weeks of
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Fig. 3 (Left panels) Photomicrographs of NeuN (10×)-, glial fibrillary
acidic protein (GFAP) (10×)-, and Iba1 (20×)-immunostained sections
through the coronal section of striatum of control and 3-nitropropionic
acid (3NP)-lesioned mice treated with vehicle or cannabigerol (CBG).
They show a significant loss of NeuN-positive cells in the striatum of
3NP-treated mice compared with controls. CBG treatment significantly
reduced 3NP-induced loss of striatal NeuN-positive cells. (Right panels)
Quantification of (A) NeuN-, (B) GFAP-, and (C) Iba1-positive cells in

the mouse striatum. Total average number of neurons, astrocytes (100×
magnification) and microglia (200× magnification) is shown. Values are
expressed as means ± SEM for 6–8 animals per group. Data were
subjected to one-way analysis of variance followed by the Student–
Newman–Keuls test. *P<0.05, **P<0.01, ***P<0.001 when compar-
ing the control group with the 3NP and CBG group. #P<0.05, ##P<0.01,
###P<0.001 when comparing the 3NP group with the 3NP + CBG group
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age when the animals were euthanized [F(15,180)=12.13;
P<0.01 (Fig. 6A)]. This loss of weight has been largely
reported in R6/2 mice and also in other transgenic models of
HD [7–9, 14]. Treatment with CBG was not effective in
recovering the characteristic loss of weight of R6/2 mice; it
produced an apparent worsening effect (Fig. 6A). In parallel to
the weight loss, R6/2 mice exhibited a deterioration in rotarod
performance that was already evident at the age of 5 weeks,
then occurring before the loss of weight, and that reached a
maximum at 9 weeks after birth [F(15,180)=4.208;
P<0.01), 1 week before animals were euthanized
(Fig. 6B). The administration of CBG produced a modest
recovery in this deteriorated rotarod performance, as re-
vealed the fact that the time in the rod of R6/2 mice treated
with CBG was always higher at all time points analyzed
compared with R6/2 mice treated with vehicle (Fig. 6B).
However, these differences were not statistically significant,
being evident only because of a different probability level

for both groups compared with wild-type animals at spe-
cific time points, for example 8 weeks (Fig. 6B).

The analysis of the postmortem striatum of R6/2 animals at
10 weeks after birth proved important changes in specific
markers of HD pathology, in particular, a profound reduction
in the expression of CB1 [F(3,29)=22.50; P<0.01 (Fig. 7A)],
as has been largely demonstrated in patients with HD [33], and
in this and other experimental models of HD [8, 14].
Upregulatory responses of CB2 have been also found in
previous studies [9, 10], and were also evident here, but to a
significantly lesser extent [F(3,26)=3.079; P<0.05 (Fig. 7B)],
and the same happened with expression of FAAH, which only
showed a nonsignificant trend towards a decrease [F(3,29)=
1.208; Fig. 7C), and therefore a much more moderate reduc-
tion than in previous studies in patients with HD [34]. How-
ever, the expression of MAGL had not previously been stud-
ied in R6/2 mice or other HD models, and proved to have a
marked downregulatory response [F(3,29)=23.02; P<0.01
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(Fig. 7D)]. Treatment with CBG only affected the gene ex-
pression for CB2 with a small effect, which is reflected in the
loss of statistical significance for the differences observed
between wild-type animals and R6/2 mice when these mice
were treated with CBG (Fig. 7B).

We also found the expected responses in R6/2 for other
biochemical markers according to previous studies [8, 9, 35],
for example in the neurotrophins BDNF and IGF-1, the ex-
pression of which experienced in both cases showed a dra-
matic reduction [BDNF: F(3,28)=5.618 (P<0.05); IGF-1:
F(3,29)=6.42 (P<0.05) (Fig. 8A, B)], as previously described
[2, 8]. Treatment with CBG partially improved deficits in both
BDNF (Fig. 8A) and IGF-1 (Fig. 8B), but the effects were
modest and similar to the case of CB2 (e.g., loss of statistical
significance of the differences observed between wild-type
animals and R6/2 mice). R6/2 mice also exhibited deficits in
the glial glutamate transporters GLAST [F(3,31)=11.44;
P<0.01 (Fig. 8D)] and, in particular, GLT-1 [F(3,31)=27.85;
P<0.01 (Fig. 8C)], also in accordance with previous data [36],
but, in this case, there was no recovery by the treatment with
CBG (Fig. 8C, D).

We also quantified DARPP-32, a protein involved in do-
paminergic receptor signaling in striatal projection neurons,
which experienced a dramatic reduction in gene expression
[F(3,31)=18.79; P<0.01 (Fig. 9A)] and immunostaining
[F(3,18)=11.09; P<0.05; Fig. 9B)] in R6/2 mice, concordant
with the expected death of these neurons, and similar to
previous studies [37]. None of these reductions was reversed
by the treatment with CBG (Fig. 9A, B). We also found
changes in inflammation-related markers such as the PPARγ
receptors, which were downregulated in R6/2 mice [F(3,25)=

4.32; P<0.05 (Fig. 9C)], and the cytokine TNF-α, which
experienced a marked increase [F(3,23)=5.716; P<0.01
(Fig. 9D)], in agreement with previous studies [38]. However,
we did not find any changes in other proinflammatory param-
eters, such as the enzymes COX-2 or iNOS, and the cytokine
IL-1β (data not shown), although this lack of response has
been documented in the literature [39]. Treatment with CBG
partially reversed the downregulation of PPARγ in R6/2 mice
(Fig. 9C), being less effective against the increase in TNF-α,
although a certain trend towards an attenuation may be appre-
ciated in this parameter (Fig. 9D). In parallel to the increase in
PPARγ expression by CBG in these mice, we also found that
this phytocannabinoid dose-dependently activated PPARγ in
cultured striatal cells expressing endogenous wild-type and
mutant huntingtins (Figure S1; see Supplementary
Information).

We were able to detect the presence of immunoreactivity
for mutant huntingtin aggregates, labeled with EM48 anti-
body, in the striatal parenchyma of R6/2 mice (Fig. 10), al-
though our immunohistochemical analysis with GFAP and
Iba-1 did not reveal a marked glial activation (data not
shown), as found in some studies [40]. Interestingly, EM48
immunostaining was slightly, but significantly, reduced in R6/
2 mice treated with CBG (Fig. 10). Given that the number of
striatal neurons does not appear to be significantly altered by
treatment with CBG in R6/2 mice, according to the data
obtained for DARPP-32 immunostaining (Fig. 9b), we believe
that the reduction in EM48 immunostaining by CBG does not
reflect a reduction in the number of neurons but a decrease in
the number of mutant huntingtin aggregates in surviving
neurons, which may be a beneficial event.
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We also used the cDNA samples obtained from the stria-
tum of R6/2 mice, their controls, and the transgenic mice that
were treated with CBG for analysis with a specific HD array.
Again, our purpose was to identify possible genes that, being
affected in R6/2 mice reproducing more accurately the chang-
es observed in the human pathology, may be normalized by
treatment with CBG. We found numerous genes up- or down-
regulated in R6/2 mice (Table S2; see Supplementary Infor-
mation), but 7 that have been frequently linked to this disease
given their role in the regulation of gene transcription (e.g.,
symplekin, Sin3a, Rcor1, histone deacetylase 2, and

huntingtin-associated protein 1), GABA transmission (e.g.
δ subunit of the GABA-A receptor), and calcium homeo-
stasis (e.g. hippocalcin), were found to be up- or down-
regulated in R6/2 mice (Fig. 11A), as has previously been
found in patients with HD or experimental models
[41–44]. Importantly, the expression of these 7 genes
was partially normalized by treatment with CBG
(Fig. 11B), with some cases, for example huntingtin-
associated protein 1, the increase found in R6/2 mice
being completely reversed by CBG and exhibiting even
lower expression levels than wild-type animals (Fig. 11B).
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Fig. 7 Gene expression for (A)
cannabinoid receptor type 1
(CB1) and (B) cannabinoid
receptor type 2 (CB2) receptors,
and (C) fatty acid hydrolase
(FAAH) and (D)
monoacylglycerol lipase
(MAGL)measured in the striatum
of R6/2 mice (10 weeks after
birth) treated from the age of
4 weeks with cannabigerol (CBG)
or vehicle (Tween 80-saline).
Values correspond to fold of
change over wild-type animals
and are expressed as means ±
SEM for 6–8 animals per group.
Data were subjected to one-way
analysis of variance followed by
the Student–Newman–Keuls test
(*P<0.05, **P<0.01,
***P<0.005 compared with
wild-type animals treated with
vehicle)
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Fig. 8 Gene expression for (A)
brain-derived neurotrophic factor
(BDNF), (B) insulin-like growth
factor (IGF)-1, (C) glutamate
transporter (GLT)-1, and (D)
glutamate aspartate transporter
(GLAST) measured in the
striatum of R6/2 mice (10 weeks
after birth) treated from the age of
4 weeks with cannabigerol (CBG)
or vehicle (Tween 80-saline).
Values correspond to fold of
change over wild-type animals
and are expressed as means ±
SEM for 6–8 animals per group.
Data were subjected to one-way
analysis of variance followed by
the Student–Newman–Keuls test
(*P<0.05, **P<0.01,
***P<0.005 compared with
wild-type animals treated with
vehicle)
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Discussion

Only a few clinical studies have been performed to determine
whether cannabinoid compounds are efficacious in HD, and
the results they have yielded are rather controversial [45–48].
Possibly, the reason for such controversy is that these clinical
studies concentrated more on HD symptoms rather than on
disease progression. However, recent animal studies have
demonstrated that combinations of different cannabinoids or
the use of a broad-spectrum cannabinoid may delay disease
progression by preserving striatal neurons from death in dif-
ferent animal models of HD, thus stressing the need for new
clinical studies directed at testing whether the neuroprotective

effects that certain cannabinoids induce in experimental
models of HD are also reproduced in patients with HD
[7–11]. This includes the evaluation of Δ9-THC and CBD,
separately or in a combination [6–9], Sativex®, which has
been found to be neuroprotective in different animal models of
HD [14, 49], and additional phytocannabinoids.

We were particularly interested in investigating whether
CBG, another major phytocannabinoid present in Cannabis
sativa, could be as effective a disease-modifying agent in HD.
We studied its effects in 2 experimental models of HD, and
found particularly positive results in the 3NP-lesioned mice
model, a model in which the death of striatal neurons is
dependent on mitochondrial damage, activation of calpain,
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Fig. 9 Gene expression for (A) dopamine- and cyclic adenosine
monophosphate-regulated phosphoprotein, Mr 32 kDA (DARPP-32),
(C) peroxisome proliferator-activated receptor (PPAR)γ, and (D) tumour
necrosis factor (TNF)-α, and (B) DARPP-32 immunostaining measured
in the striatum of R6/2 mice (10 weeks after birth) treated from the age of
4 weeks with cannabigerol (CBG) or vehicle (Tween 80-saline). Values

correspond to fold of change (gene expression) or percentage
(immunostaining) over wild-type animals and are expressed as means ±
SEM for 6–8 animals per group. Data were subjected to one-way analysis
of variance followed by the Student–Newman–Keuls test (*P<0.05,
**P<0.01, ***P<0.005 compared with wild-type animals treated with
vehicle)

R6/2 + CBGR6/2

Fig. 10 EM48 immunostaining (representative of mutant huntingtin
aggregates) in the striatum of R6/2 mice (at 10 weeks after birth) treated
from the age of 4 weeks with cannabigerol (CBG) or vehicle (Tween 80-

saline). The stainings were repeated in 5–6 animals per group. Magnifi-
cation=40×. Data were subjected to Student’s t test (***P<0.005 com-
pared with R6/2 mice treated with vehicle)
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and the generation of reactive oxygen species [14, 22]. In this
model, subchronic administration of CBG preserved striatal
neurons from 3NP-induced death presumably by regulating
pro-oxidant and proinflammatory responses induced by 3NP
intoxication. Importantly, the preservation of striatal neurons
and the improvement of their homeostasis by CBG resulted in
a significant improvement in the neurological deterioration
typical of this model. These positive effects found in the
3NP model of HD were also investigated in a transgenic
model of this disorder, the R6/2 mice, although the effects of
CBG were much more modest in this model compared with
the 3NP-lesioned mice. The most important observations in
R6/2 mice were obtained from the analysis of the
neurotrophins BDNF and IGF-1, and the PPARγ receptors,
the deficits of which are strongly indicative of the deteriora-
tion in the striatal function—deficits that were partially re-
versed by CBG. We also collected some evidence from the
data obtained with a specific HD array analysis, which
showed some important HD-related genes, the up- or
downregulatory responses of which were significantly atten-
uated by the treatment with CBG. Both types of responses are
strongly associated with patients with HD in whom BDNF
deficiency and alterations in symplekin [2], Sin3a, Rcor1,
histone deacetylase 2, huntingtin-associated protein 1, and
other genes related to the regulation of gene transcription have
been found to play a key role in HD pathogenesis [41–44].
The presence of mutant huntingtin aggregates in the striatal
parenchyma of R6/2 mice, another key event in human HD
pathogenesis, was slightly reduced by CBG in these mice. By
contrast, we did not obtain any evidence that CBG may
preserve striatal neurons from death in R6/2 mice, as revealed
by DARPP-32 immunostaining, but this fact appears to sup-
port the fact that the reduction in the number of mutant
huntingtin aggregates reflects a lower presence of these

aggregates in surviving neurons rather than a reduction due
to lower number of striatal neurons. Reduction in huntingtin
aggregation has been associated with a better striatal function,
and has been proposed as a therapeutic objective in this
disease [3].

In this study, we have not addressed the potential mecha-
nisms involved in the beneficial effects of CBG in both HD
models, something that will be done in follow-up studies. It is
important to note that the profile of CBG has been poorly
studied in relation to its therapeutic and pharmacological effects
and, in particular, to its mechanisms of action, which makes it
difficult to relate the effects found to specific targets and sig-
naling pathways. However, we assume that the effects are not
dependent on the activation of CB1 and/or CB2, given the poor
affinity of CBG for these classic cannabinoid receptors [17, 18].
LikeΔ9-THC and CBD, CBG also penetrates the blood–brain
barrier after i.p. delivery [50], and may target α-2 adrenergic
receptors and PPARγ receptors in the brain [19, 21]. It has been
shown that the expression of α-2 adrenergic receptors is in-
creased in the hypothalamus of transgenic rats for HD [51], but
antagonism rather than agonism is involved α-2 adrenergic
receptor-mediated neuroprotection [52], and therefore it is un-
likely that CBG alleviates HD symptoms and disease markers
by targeting this receptor. On the contrary, PPARγ agonists
such as thioglitazones have been shown to have a neuroprotec-
tive effect in in vitro and in vivo models of HD [53–55]. There
is strong evidence that mitochondrial dysfunction results in
neurodegeneration and may contribute to the pathogenesis of
HD. Studies over the last few years have implicated an im-
paired function of PPARγ co-activator-1α (PGC-1α), a master
co-regulator of mitochondrial biogenesis, metabolism, and an-
tioxidant defenses, in causing mitochondrial dysfunction in
HD. PPARγ agonists are neuroprotective, increase oxidative
phosphorylation capacity in mouse and human cells, and
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Fig. 11 Huntingdon’s disease (HD) array analysis showing the up- or
downregulatory responses of some genes specifically affected in the
striatum of (A) R6/2 compared with wild-type mice or (B) R6/2 mice
treated with CBG compared with wild-type mice. One microgram of
RNA was retrotranscribed and the resulting cDNA was analyzed in a
mouse HD polymerase chain reaction array. Five housekeeping genes
contained on the experimental system were used to standardize the
mRNA expression levels in every sample. Values correspond to number

of folds that a specific gene is up- or downregulated. Data were assessed
by the unpaired two-tailed Student’s t test. The 7 genes presented in (A)
were selected because the up- and downregulatory responses found
between R6/2 and wild-type mice were more than 2-fold higher, and
these differences were statistically significant in all cases, and also be-
cause these differences were reversed by the treatment with cannabigerol
(CBG) (*P<0.05, **P<0.01, ***P<0.005)
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enhance mitochondrial function [56]. In addition, it has also
been demonstrated that oral treatment with rosiglitazone
induced mitochondrial biogenesis in mouse brain [57]. There-
fore, we assume that the activation of PPARγ receptors may be
certainly the most feasible mechanism for CBG effects in HD,
in particular in 3NP-lesioned mice, although this would need to
be demonstrated in follow-up studies. We also consider that
these nuclear receptors may be also involved in the effects of
CBG in R6/2 mice. In support of this hypothesis, we have
found that CBG activated PPARγ in striatal cells expressing
endogenous wild-type and mutant huntingtins, an experimental
condition relatively comparable with the case of R6/2 mice.
However, low levels of PPARγ receptors are expected in the
striatum of these mice given their low levels of gene expression
found in our study. In fact, these presumably reduced PPARγ
receptor levels, together with the fact that CBG does not
activate CB1 and CB2 and that, in R6/2 mice, the role of
these receptors in mediating the neuroprotective effects
of cannabinoids is much more relevant [8, 9], might
explain that the effects found with CBG in R6/2 mice
have been much more modest compared with 3NP-
lesioned mice, suggesting the need to continue the stud-
ies in R6/2 mice using combinations of CBG with other
phytocannabinoids.

However, substantial literature indicates that HD pathology
develops via multiple pathways that may act synergistically. A
recent report has investigated the gene expression profile in
different animal models of HD compared with striatal gene
expression phenotype of human HD [58]. In such a study, the
authors found differences between the R6/2 and the 3NP
models, showing that the 3NP profile is consistent with neu-
roinflammation, with changes in genes involved in immune
response, response to wounding, defense response, and in-
flammatory response. In our study, with a limited number of
HD-related genes, we also found clear differences between
R6/2 (significant changes in 21 of 84 genes) and 3NP (signif-
icant changes in 3 of 84 genes) (see Supplementary Informa-
tion) models. This result may be explained by the rapid
induction of cell death mechanisms mediated by 3NP, and
the array data may reflect only a small fraction of dysfunc-
tional neurons present at one time. Thus, it will be interesting
to study the effect of CBG on the profile of gene expression in
3NP-lesioned animals before the loss of striatal cells.

Finally, given that the improvement of antioxidant defenses
by CBG, reflected in increased activities of catalase and SOD-
1 and higher levels of GSH, appears to be a key mechanism
for the beneficial effects of this phytocannabinoid in the 3NP
model, we were also interested in investigating whether the
neuroprotective effects of CBG in this pro-oxidant model may
be associated with specific effects on Nrf-2 signaling and/or
on the target genes for this transcription factor, a fact also
proposed for the antioxidant effects of cannabidiol [15]. How-
ever, preliminary immunostaining of Nrf-2 and qRT-PCR

analysis of Nrf-2-dependent genes failed to prove any effect
of CBG at this level (data not shown).

In summary, CBG appears to have a promising neuropro-
tective profile for the treatment of HD, a fact already investi-
gated with other phytocannabinoids separately or in combina-
tion [6–9, 14, 49]. CBG appears to be particularly active
against the mitochondrial dysfunction, calpain activation and
oxidative injury caused by 3NP. It was also active in R6/2
mice, but with only modest effect, so it is possible that it needs
to be combined with another phytocannabinoid in these mice
to enhance its therapeutic effects, in particular with cannabi-
noids having activity at CB1 and/or CB2 receptors, which have
been found to serve as therapeutic targets in these mice [8, 9].
This additional investigation will be critical before proceeding
to clinical studies with CBG in patients with HD.
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Abstract: Pilot study of nabilone in Huntington’s disease
(HD). Double-blind, placebo-controlled, cross-over study of
nabilone versus placebo. Primary outcome, Unified Hunting-
ton’s Disease Rating Scale (UHDRS) total motor score.
Secondary measures: UHDRS subsections for chorea, cogni-
tion and behavior, and neuropsychiatric inventory (NPI).
44 randomized patients received either nabilone (1 or 2 mg)
followed by placebo (n 5 22), or placebo followed by nabi-
lone (n 5 22). Recruiting was straightforward. Nabilone
safe and well tolerated, no psychotic episodes. Assessment

of either dose of nabilone versus placebo showed a treat-
ment difference of 0.86 (95% CI: 21.8 to 3.52) for total
motor score; 1.68 (95% CI: 0.44 to 2.92) for chorea; 3.57
(95% CI: 23.41 to 10.55) for UHDRS cognition; 4.01
(95% CI: 20.11 to 8.13) for UHDRS behavior, and 6.43
(95% CI: 0.2 to 12.66) for the NPI. Larger longer RCT of
nabilone in HD is feasible and warranted. � 2009 Move-
ment Disorder Society
Key words: Huntington’s disease; cannabinoids; nabilone;

chorea; psychiatric symptoms

Striatal degeneration in Huntington’s disease (HD)

leads to dysfunction of the cerebral cortex. As well

as motor symptoms neuropsychiatric symptoms

including depression and irritability are common and

problematic.1

Medication is used to treat the symptoms but has

limited effectiveness.2 High densities of cannabinoid

(CB) receptors in the basal ganglia3 raise the possibil-

ity that drugs acting upon the CB systems could be

beneficial.

Recreational cannabis use is associated with

increased risk of psychosis.4 Cannabinoids can also

cause a range of adverse effects including anxiety,

euphoria, and depression and might be addictive. Thus

cannabinoids may be of limited use in treating neuro-

psychiatric conditions. However, recent studies of mul-

tiple sclerosis patients have shown that cannabinoids

are safe and well tolerated.5 Similarly, cannabinoids

have been shown to reduce motor and vocal tics in

Gilles de la Tourette’s syndrome which, like HD, is

assumed to involve basal ganglia dysfunction.6

Nabilone is a synthetic analogue of delta-9-tetrahy-

drocannabinol, the major psychoactive component of

cannabis. Nabilone is primarily agonistic through both

CB1 and CB2 receptors.7 The possibility of using

nabilone to treat patients with HD has been explored

in a single-patient case study,8 which reported that

both cannabis and nabilone improved motor and psy-

chiatric symptoms in a patient with HD. However, in

another single-patient, single-dose, case report, nabi-

lone treatment increased that patient’s chorea seven-

fold.9 The benefit of nabilone in HD, therefore,

remains unclear.
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PATIENTS AND METHODS

Organization of Trial

A randomized, double-blind, placebo-controlled,

cross-over pilot study of nabilone in patients with HD.

Cambridge Laboratories and Valeant Pharmaceuticals

supplied the nabilone and identical placebo capsules.

Ethical approval was granted by the relevant bodies.

Inclusion Criteria

Patients aged 18 years or over with a clinical diag-

nosis of HD. Women of childbearing age who were

using contraception during the trial period were

eligible.

Exclusion Criteria

Patients under 18 years of age; allergy to cannabi-

noids; personal history of psychosis; liver dysfunction;

documented heart disease or hypotension; pregnant or

lactating women.

Patients

Participants were recruited from the HD service at

the Queen Elizabeth Psychiatric Hospital (QEPH) in

the UK. Written informed consent was obtained from

all participants. A carer, usually a family member or

close friend, nominated by the patient, was recruited

for each patient. The carer assisted the patient with fol-

lowing the dose regime and provided information for

the Neuropsychiatric Inventory (NPI).

Randomization and Intervention

Patients were entered into the trial by a telephone

call to a central randomization service provided by the

Clinical Trials Unit (University of Birmingham, UK).

Patients and assessor were blind to treatment alloca-

tion. Patients were randomized to either nabilone

(titrated to either 1 or 2 mg) followed by placebo, or

placebo followed by nabilone. The two treatment

blocks lasted 5 weeks each, with a 5-week dose-reduc-

tion and washout period between them, and a 12 day

dose-reduction period at the end of the second treat-

ment block. Nabilone (or matching placebo) was

started at a dose of 250 lg in the evening, and

increased by 250 lg every 4 days. After the first 4

days, the dose was split between the morning and eve-

ning. For the last 10 days of each treatment block,

patients taking nabilone had either 500 lg morning

and evening (1 mg/day) or 1 mg morning and evening

(2 mg/day). At the end of each treatment block, the

number of capsules taken was halved every 4 days

until medication ceased.

Outcome Measures

Primary Outcome Measure

The total motor score of the Unified Huntington’s

Disease Rating Scale (UHDRS).10

Secondary Measures

� Chorea (using the chorea section of the UHDRS

motor scale);

� Cognitive performance using the UHDRS cognitive

assessment (comprising three elements—a verbal

fluency test, the symbol digit modalities test, and

the Stroop interference test);

� Psychiatric changes using the UHDRS behavioral

assessment and the carer rated NPI.11

Assessments

Four assessment visits were made to each patient at

their residence at 5-week intervals. All assessments

were made by a single assessor blind to treatment

order.

1. Baseline for first treatment block;

2. The end of the first treatment block;

3. Baseline for second treatment block;

4. The end of the second treatment block.

Concomitant Medication

Patients already taking medication were accepted

into the study. This concomitant medication continued

unchanged. Apart from trial medication no other new

medication was commenced during the study period.

Adverse Effects

A weekly phone call was made during each treat-

ment block to ask about adverse effects.

Compliance

A returned capsule count was used as a check for

compliance.

Statistical Analysis

All statistical analyses were carried out using SPSS

(version 14; SPSS, Chicago, Illinois) and SAS (version
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9; SAS Institute, Cary, NC). Since this was a pilot

study, formal hypothesis testing was not performed.

For the analysis of the primary and secondary out-

comes which were all continuous outcome measures,

the two treatment groups were compared using stand-

ard methods for the analysis of 2 3 2 cross-over tri-

als.12,13 For the primary analysis, the two doses of

nabilone were combined for a single comparison of

nabilone versus placebo. All analyses were intention-

to-treat.

RESULTS

Forty-four patients were randomized over a period

of 18 months: 22 to nabilone (either 1 or 2 mg) fol-

lowed by placebo, and 22 to placebo followed by nabi-

lone. The mean age at randomization was 52 years

(SD 5 9.5 years; range: 34–72 years), half of partici-

pants were male. Seven patients were taking no medi-

cation at the start of the trial. The rest were taking a

variety of different medications. These medications

continued unchanged throughout the trial period. At

baseline, the two groups were similar in age, and in

terms of all outcome measures assessed (Table 1).

Withdrawal

Seven participants withdrew: one because of suicidal

ideation expressed at the first trial visit; two because it

became clear that they did not understand the trial; one

withdrew consent; one was unable to follow the dose

regime, and two because of adverse effects in the first

two weeks of medication (see safety and tolerability).

This left 37 participants (20 randomized to nabilone/

placebo and 17 randomized to placebo/nabilone) who

completed the trial and were included in the analysis

(Fig. 1).

Safety and Tolerability

Nabilone was well tolerated with no increase in cho-

rea or psychosis. There were three Serious Adverse

Events (SAEs), resulting in two patients withdrawing.

One was considered to be treatment related, concerning

a patient taking temazepam, who experienced severe

sedation on nabilone and withdrew. The other two

SAEs occurred during placebo treatment. One patient

had an asthma attack and experienced palpitations

(patient withdrew) and the other had a seizure requir-

ing hospitalization.

Drowsiness and forgetfulness were the most fre-

quently reported adverse effects; however, these were

also reported with placebo. All other adverse effects

TABLE 1. Baseline characteristics expressed in relation to order of drug
administration mean 6 SD (range)

Order of administration

Nabilone/placebo
(n 5 22)

Placebo/nabilone
(n 5 22)

Age 50.6 6 9.53
(34–66)

54.3 6 9.37
(38–72)

Gender (M:F) 13:9 9:13
UHDRS total motor score

(out of 124).
High score bad

n 5 22
38.1 6 23.26

(6–87)

n 5 21
42.5 6 24.43

(8–94)
UHDRS chorea score

(out of 28).
High score bad

n 5 22
8.96 6 4.86

(1–22)

n 5 21
9.95 6 4.72

(0–17)
UHDRS cognitive score.

The sum of; stroop; symbol
digit; and verbal fluency
FAS tests.
High score good

n 5 22
112.7 6 66.15

(12–278)

n 5 21
109.6 6 56.23

(17–209)

UHDRS behavior score
Out of 88.
High score bad

n 5 22
19.7 6 19.02

(0–51)

n 5 21
21.7 6 17.70

(0–57)
NPI Score

Out of 144.
High score bad

n 5 22
17.6 6 14.55

(0–48)

n 5 20
22.7 6 24.05

(0–70)

UHDRS, Unified Huntington’s disease rating scale; NPI, Neuropsychiatric inventory.
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including euphoria were at a low level. There was no

difference in the proportion of patients remaining on

the study drug for the full period between the nabilone

and placebo groups.

Efficacy Analysis

For the primary outcome measure, total motor score

of the UHDRS, there was no carry-over (P 5 0.3) or

period effect (P 5 0.4) and no difference between

treatments for the UHDRS total motor score (0.86,

95% CI 5 21.8 to 3.52; P 5 0.5) (Table 2).

For the secondary outcomes, there were no carry-

over or period effects. For the cognition UHDRS sub-

score, there was no difference between treatments

(3.57, 95% CI 5 23.41 to 10.55; P 5 0.3) (Table 2).

There was some evidence of an improvement in the

two neuropsychiatric outcome measures in the nabilone

arm—UHDRS behavioral assessment (4.01, 95% CI 5
20.11 to 8.13; P 5 0.06) and NPI (6.43, 95% CI 5
0.2 to 12.66; P 5 0.04). Finally, there was evidence of

an improvement in chorea with nabilone (1.68, 95%

CI 5 0.44 to 2.92; P 5 0.009).

Comparison of 1 and 2 mg of Nabilone

An analysis to assess the effect of the different doses

of nabilone (1 and 2 mg) versus placebo on each out-

come measure found no evidence that 2 mg was better

FIG. 1. Nabilone in HD consort flowchart.
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than 1mg of nabilone, although this study was not

powered to find any differences.

DISCUSSION

The primary outcome measure was the total motor

score of the UHDRS. The treatment effect of nabilone

on the motor symptoms of HD was small with wide

confidence intervals. In this study, nabilone did not

exacerbate chorea.

There was an improvement in the nabilone arm for

the two neuropsychiatric outcome measures (UHDRS

behavior and NPI), an important finding due to the

prevalence and severity of neuropsychiatric symptoms

in HD.

None of the patients in this study suffered from

psychoses while taking nabilone. Adverse effects were

reported at the similar levels for placebo and nabilone.

This study was not intended to provide definitive data

on the effectiveness of nabilone in HD, but rather to

inform the design of a future randomized trial. In this

study, patients only took nabilone for 5 weeks, which

was found to be safe and tolerable. Treating HD

requires long-term intervention. A recent study14

showed longer term safety and efficacy of oral canna-

binoid treatment using oral delta-9-tetrahydrocannabi-

nol in patients with multiple sclerosis, suggesting that

it is possible to give nabilone over a longer period.

This study demonstrates that randomization to a trial

of nabilone in HD is possible. If funding for a larger

study were available then a randomized parallel group

trial with three arms (placebo vs. 1 mg nabilone vs.

2 mg nabilone) lasting 3–6 months would be recom-

mended, with neuropsychiatric measures as the primary

outcome. Based on the data from this pilot study to

detect a 6-point difference (standard deviation of

14.51) on the NPI with 90% power (two-tailed P 5
0.05) would require 125 patients per arm (375 patients

in total).
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