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Maple syrup urine disease (MSUD) is an inherited disorder of branched chain amino acid metabolism present-
ing with neonatal encephalopathy, episodic metabolic decompensation, and chronic amino acid imbalances.
Dietary management enables survival and reduces risk of acute crises. Liver transplantation has emerged as
an effective way to eliminate acute decompensation risk. Psychiatric illness is a reported MSUD complication,
but has not been well characterized and remains poorly understood. We report the prevalence and character-
istics of neuropsychiatric problems among 37 classical MSUD patients (ages 5-35 years, 26 on dietary therapy,
11 after liver transplantation) and explore their underlying mechanisms. Compared with 26 age-matched con-
trols, MSUD patients were at higher risk for disorders of cognition, attention, and mood. Using quantitative
proton magnetic resonance spectroscopy, we found lower brain glutamate, N-acetylaspartate (NAA), and cre-
atine concentrations in MSUD patients, which correlated with specific neuropsychiatric outcomes. Asymp-
tomatic neonatal course and stringent longitudinal biochemical control proved fundamental to optimizing
long-term mental health. Neuropsychiatric morbidity and neurochemistry were similar among transplanted
and nontransplanted MSUD patients. In conclusion, amino acid dysregulation results in aberrant neural net-
works with neurochemical deficiencies that persist after transplant and correlate with neuropsychiatric mor-

bidities. These findings may provide insight into general mechanisms of psychiatric illness.

Introduction

Hereditary disorders that cause neuropsychiatric sequelae are a
window into the biological foundations of mental illness. One
such condition, branched chain ketoacid dehydrogenase (BCKDH)
deficiency, also known as maple syrup urine disease (MSUD), leads
to accumulation of branched chain amino acids (BCAAs) (leucine,
isoleucine, and valine) and their derivative a-ketoacids in blood
and tissues. Patients with the most severe form, classical MSUD,
may appear normal at birth, but develop acute metabolic decom-
pensation within the first weeks of life. If not appropriately diag-
nosed and treated, rapid elevation of circulating leucine and its
ketoacid, a-ketoisocaproate (aKIC), cause encephalopathy and
life-threatening brain swelling (1). After the neonatal period, care-
ful dietary management limits episodic decompensations to a vari-
able extent, improves amino acid nutrition, and greatly reduces
morbidity and mortality (2). Liver transplantation has recently
emerged as an effective means to eliminate metabolic volatility
and the risk of cerebral edema (3).

As treatment for MSUD improves, survival improves in paral-
lel, and physicians now manage a growing number of adoles-
cents and adults with classical MSUD. Mental health outcomes
and their relation to treatment variables have not been fully
characterized in this population. However, anecdotal reports
suggest that aging MSUD patients are at high risk for chronic
neuropsychiatric problems such as attention deficit disorder,
depression, and anxiety (1). Although liver transplantation has
proven highly effective for preventing acute crises, available evi-
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dence suggests it may not improve intelligence quotient (IQ) or
reverse psychiatric disease (4, 5).

Chronic neuropsychiatric sequelae of MSUD are likely caused
by several interacting mechanisms also thought to be responsible
for acute neurotoxicity. Proposed mechanisms of neurotoxicity
include unbalanced cerebral essential amino acid uptake, neu-
rotransmitter deficiencies, energy deprivation, and osmotic dys-
regulation. In MSUD, branched chain ketoacid metabolism is
blocked by a dysfunctional BCKDH, causing concentrations of
upstream aKIC and leucine to increase. Hyperleucinemia inhibits
the transport of tyrosine, tryptophan, and other essential amino
acids across the blood-brain barrier and thereby limits substrate
availability for cerebral catecholamine, serotonin, and protein
synthesis. Accumulation of aKIC favors synthesis of leucine in
the bidirectional transaminase reaction, consuming glutamate.
Glutamate is an important metabolic currency that is used as a
neurotransmitter as well as a source of energy. Transaminases in
brain tissue normally convert leucine to a-ketoglutarate to sup-
ply nitrogen to the cerebral glutamate pool (6, 7). Elevated aKIC
— the ketoacid derivative of leucine — reverses the net direction
of nitrogen flow and thus depletes the brain of glutamate (6, 7).
Consistent with these mechanisms, reduced cerebral dopamine
and glutamate levels have been observed in experimental MSUD
animals (8, 9) and postmortem brain tissue from a child who died
of leucine intoxication (10).

Supporting the energy inhibition hypothesis, BCKDHA knockout
mouse brain has low pyruvate, ATP, and phosphocreatine, and high
a-ketoglutarate, lactate, and alanine (9). In human MSUD patients,
magnetic resonance spectroscopy (MRS) studies demonstrate revers-
ible lactate elevation and N-acetylaspartate (NAA) depletion during
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Table 1
Neurochemical quantification in maple syrup urine disease

Controls MSUD diet

mean (SD)? mean (SD)
Left basal ganglia®
Creatine 8.24 (1.23) 8.34 (1.16)
NAA 8.88 (1.91) 8.21 (1.75)
Choline compounds 2.020.37 2.25(0.33)
Myo-inositol 3.39 (0.83) 3.68 (0.89)
Glutamate 8.07 (1.42) 6.37 (1.16)
Prefrontal and anterior cingulate cortex?
Creatine 7.86 (0.81) 6.85 (1.71)
NAA 9.56 (1.57) 8.11 (2.22)
Choline compounds 1.91 (0.27) 1.98 (0.58)
Myo-inositol 5.53 (1.16) 4,75 (1.35)
Glutamate 10.68 (1.58) 7.41(2.10)
Right parietal white mattert
Creatine 4.95 (0.72) 4.38 (0.38)
NAA 8.41 (1.09) 7.82 (0.95)
Choline compounds 1.70 (0.24) 1.74 (0.29)
Myo-inositol 3.69 (0.77) 3.76 (0.97)
Glutamate 5.96 (1.30) 4.65 (0.68)

MSUD transplant Post
mean (SD) F Pvalue hoc®
8.10 (0.70) 0.25 NS
8.34 (1.27) 1.21 NS
2.15(0.27) 2.29 NS
3.50 (0.51) 0.94 NS
6.42 (1.06) 13.22 <0.001 a,b
7.70 (0.82) 3.49 0.04 a
8.47 (1.55) 4.91 0.01 a
1.97 (0.43) 0.16 NS
5.94 (0.94) 2.67 0.08
8.64 (0.90) 19.08 <0.001 a,b
4.43 (0.51) 6.74 0.002 a,b
7.43 (1.37) 3.69 0.03 b
1.65 (0.31) 0.02 NS
3.58 (0.90) 0.11 NS
5.05 (0.67) 9.65 <0.001 a,b

AMean values presented in millimoles per kilogram of wet weight. BSignificant group differences in post hoc comparisons for (a) MSUD diet versus controls
and (b) MSUD transplant versus controls. There were no significant differences between MSUD diet and MSUD transplant groups. cDegrees of freedom =
2,49 except glutamate: 2,46. PDegrees of freedom = 2,47. EDegrees of freedom = 52, except glutamate: 2,39.

acute encephalopathic crises, reflecting transient compromise of
cerebral mitochondrial function (11-13). Cerebral edema during
acute crises consists of both a global vasogenic edema thought to
be related to blood-brain barrier compromise and “MSUD edema,”
which is thought to be intramyelinic, cytotoxic edema second-
ary to energetic and osmotic dysregulation (12, 14). Qualitatively
similar but less marked mechanisms may also contribute to chronic
symptoms in patients considered metabolically stable.

These factors prompted us to characterize neuropsychiatric out-
comes in MSUD patients and to determine how they correlate with
clinical course, management variables, indices of cerebral essential
amino acid nutrition, treatment strategy, and neurochemistry.

Results
Neurochemistry. MSUD patients had low glutamate in all brain
regions (Table 1). Glutamate correlated inversely with plasma leu-
cine levels (basal ganglia: 7, = -0.37, where s indicates Spearman,
degrees of freedom [DF] = 41, P = 0.009; cortex: . = -0.48, DF = 43;
P <0.001) and calculated cerebral leucine influx (basal ganglia:
7, =-0.39, DF = 36; P = 0.01; cortex: ;. = -0.43, DF = 39; P = 0.003;
Figure 1). Patients also had deficits of NAA and creatine in the
anterior cingulate cortex and parietal white matter. No medica-
tion class was significant when included as a covariate (P > 0.05).
Neurochemistry was unaffected by liver transplantation (Table 1).
Total brain volumes did not differ between groups (Fss = 0.30,
where F = F distribution; P = 0.75), nor did they correlate with any
neuropsychiatric outcome measures (P > 0.05). Total brain volume
correlated with concentrations of parietal white matter choline
compounds (r, = -0.30, DF = 52; P = 0.02) and creatine (r, = -0.36,
DF = 52; P =0.006), but no other neurometabolites.

Mood and anxiety. Relative to controls, MSUD patients had more
depression, anxiety, inattention, and impulsivity. Together, these
conditions reached a cumulative lifetime incidence of 83% by age
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36 years (Figure 2A and Table 2). When compared with MSUD
patients who remained clinically asymptomatic throughout the
newborn period, neonates who were encephalopathic at the time of
diagnosis were 5 and 10 times more likely, respectively, to later suf-
fer from anxiety and depression (Figure 2B and Table 3). Measures
of depression and anxiety did not correlate strongly with indices of
lifetime metabolic control (Table 4), but mood disturbances cor-
related with cortical myo-inositol, NAA, and glutamate (Table 5).

Intelligence and global function. Compared with controls (full scale
1Q 106 * 15), full scale IQ was lower in MSUD patients treated
with diet (81 + 19) or transplant (90 + 15), but these groups did not
differ from one another (Table 2). Global assessment of function
scores was also lower in both MSUD groups. Among all MSUD
subjects, there was no correlation between full scale IQ and age
(r;=-0.26, P = 0.14). However, there was an inverse correlation
between age and IQ within the subgroup of Mennonite patients
(Figure 3A and Table 3). Neonatal encephalopathy did not affect
risk for mental retardation, but was associated with a 4-fold higher
risk of global functional impairment (P = 0.05; Table 3). Measures
of intelligence correlated inversely to average lifetime plasma leu-
cine and its concentration ratio to valine (an indirect index of
cerebral valine uptake; Figure 3B) and positively correlated with
the frequency of amino acid monitoring (Table 4). Prefrontal cor-
tical myo-inositol and choline showed the strongest correlations
with intelligence. An interaction among group, basal ganglia
NAA concentration, and performance IQ indicated that the asso-
ciation between metabolite concentration and outcome was more
positive for MSUD patients on diet relative to the other groups
(Fa43 = 5.17, P = 0.01; Control B weight (B) = -0.22, MSUD-diet
B =0.34, MSUD-transplant 3 = -0.23; Figure 3C).

Attention and hyperactivity. Cumulative lifetime incidence of atten-
tion deficit and hyperactivity disorder (ADHD) was 54% among
MSUD patients on dietary therapy, 82% among those treated with
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Figure 1

Cerebral leucine influx (nmol/min x g) log, scale

Glutamate (in mmol/kg wet weight, ww) in the prefrontal and anterior cingulate cortices (violet) and basal ganglia (blue) region inversely
correlated with ambient plasma leucine (left panel) and the calculated cerebral leucine influx (right panel) in MSUD patients on diet (circles) or
after liver transplantation (diamonds). Control subjects are represented as gray squares. The 2 MSUD diet patients who demonstrate relatively
higher cortical glutamate levels despite having the highest estimated leucine influx are brothers (circled in red).

transplant, and unrelated to condition at diagnosis. Younger par-
ticipants had higher ADHD symptom ratings, as might be expected
given the natural course of ADHD (Figure 4A and Table 4). Sur-
prisingly, higher ADHD scores were associated with lower average
lifetime plasma leucine and higher lifetime tyrosine (Figure 4B
and Table 4). However, post hoc analysis suggested a dichotomy
in the leucine-attention relationship based on ADHD diagnosis.
Specifically, MSUD patients with ADHD had a stronger positive
correlation between plasma leucine levels and symptom severity
compared with those without an ADHD diagnosis (ADHD life-
time diagnosis x leucine interaction, Fy,3 = 5.37, P = 0.02; Figure
4C). Several neurochemical concentrations correlated with ADHD
symptom severity, including midline prefrontal and anterior cin-
gulate cortex NAA (Figure 4D and Table 5).

Discussion
Over the last 2 decades, deeper understanding and better control
of MSUD neurotoxicity has had a decisive impact on patient out-
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comes (2, 4, 15-17). Reviewing clinical outcomes of the 20 North-
eastern Mennonite children born with classical MSUD between
1963 and 1984, we found that 11 (55%) died of cerebral edema by
age 9 and all survivors became intellectually disabled. Since com-
prehensive MSUD services were established in Lancaster County in
1989, outcomes have markedly improved and there have been no
deaths. We attribute this to advances in diagnosis, treatment, and
medical food design (2, 15, 16). With longer survival, our focus has
shifted to the more subtle, chronic neurological sequelae of MSUD.

Evidence suggests that, over the life span of an MSUD patient,
at least 3 mechanisms threaten brain structure and function:
(a) cerebral essential amino acid deficiencies due to unbalanced
blood-to-brain transport (2, 9, 18, 19); (b) depletion of neu-
rotransmitters (2, 8-10, 20-22); and (c) inhibition of mitochon-
drial enzymes and the respiratory chain (Figure S and refs. 9,
23-26). Although these mechanisms have been explored in acute
settings, they may also contribute to chronic sequelae. Specific
to neuropsychiatric illness, hyperleucinemia may adversely affect
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Cumulative prevalence and neonatal risks associated with neuropsychiatric outcome in classical MSUD patients. The cumulative lifetime inci-
dence of mental iliness (depression, anxiety disorders, ADHD) among all MSUD patients reached 83% by age 36 (A). Neonatal encephalopathy
was a strong predictor of mood disorders, but not mental retardation or ADHD, later in life (B). *P < 0.05.
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Table 2
Population characteristics and neuropsychiatry in MSUD

Controls
(II= 26)

Categorical measures, n (%)
Female 12 (46%)
Full scale 1Q

1Q < 70 (mild MR) 0(0%)

1Q < 80 (borderline) 0(0%)
Attention deficit hyperactivity disorder

Current 5(19%)

Lifetime 7(27%)
Depression

Current 1 (4%)

Lifetime 5(19%)
Anxiety

Current 4 (15%)

Lifetime 8 (31%)
Continuous measures, mean (SD)
Age 18.7 (8) 20.4 (7.6)
Full scale 1Q 106 (15)

Performance 1Q 106 (13)

Verbal 1Q 104 (16)
Depression scales

Beck Depression Inventory (adults) 2.5(3.1)

Beck Youth Inventory (T-score) 46 (7)

Combined (z-score, children + adults) -0.55(0.82)
Anxiety scales

Beck Depression Inventory (adults) 5.0 (5.4)

Beck Youth Inventory (T-score) 44 (7)

Combined (z-score, children + adults) —0.34 (0.86)

Attention deficits — Conner’s Parent Rating DSM-IV Sub-scores (T-scores)

Total 46 (5)
Inattentive 44 (5)
Hyperactive + impulsive 46 (5)
Global assessment of function 85 (8)

MSUD diet MSUD transplant FA Pvalue Post
(n=24) (n=11) hoc®
12 (50%) 4 (36%) NS
7 (29%) 2 (18%) 0.009 a
11 (46%) 3 (27%) <0.001 a
12 (50%) 6 (55%) 0.04 a
13 (54%) 9 (82%) 0.006 b
7 (29%) 2 (18%) 0.04 a
10 (42%) 4 (36%) NS
10 (42%) 5 (45%) NS
14 (58%) 6 (55%) NS
15.0 (6.9) 0.88 NS
81 (19) 90 (15) 12.76 <0.001 a, b
82 (16) 86 (15) 17.29 <0.001 a,b
82 (22) 93 (15) 8.43 0.001 a

6.3 (9) 8.5 (11.1) 1.47 NS
43 (6) 44 (8) 0.50 NS

-0.34 (1.23) -0.29 (1.3) 0.40 NS
7.7 (8) 13.8 (16.3) 1.67 NS
42 (7) 47 (9) 0.91 NS

-0.22 (0.96) -0.06 (1.5) 0.62 NS
57 (13) 56 (11) 8.13 0.001 a,b
57 (13) 53 (10) 9.85 <0.01 a
58 (14) 57 (11) 7.98 0.001 a,b
72 (12) 74 (13) 8.07 0.001 a,b

ADegrees of freedom = 2,27 for depression and anxiety symptoms; ranged 2,52 to 2,56 for IQ and Conner’s testing. BSignificant group differences in post
hoc comparisons for (a) MSUD diet versus controls and (b) MSUD transplant versus controls. There were no significant differences between MSUD diet and

MSUD transplant groups.

mood and cognition by competitively inhibiting uptake of tyro-
sine and tryptophan by the nervous system, thereby limiting cere-
bral production of dopamine, norepinephrine, and serotonin.
Glutamate is the most abundant neurotransmitter in the brain
and mediates “fast” excitatory transmission at most central syn-
apses. Acute and chronic depletions of glutamate observed in
MSUD patients are expected to have substantial consequences
for cognition and behavior. Neurotransmitter deficiencies can
be a primary cause of psychiatric illness or entrain compensatory
changes in receptor expression and synaptic structure that affect
brain function. Neuronal energy depletion, osmotic dysregula-
tion, and dysmyelination also likely contribute. These influences
may take place on an ongoing basis or stem from developmental
or cumulative aberrations of neurochemistry that lead to persis-
tent modifications of receptor regulation and neurochemistry.
Neurochemistry. We show that the neurochemical deficiencies
previously demonstrated in acutely ill MSUD patients and experi-
mental animals may persist, although to a lesser degree, in the
chronic state (Table 1) and cumulatively contribute to neuro-
1812
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psychiatric morbidity (Table 3). Evidence suggests that increased
intracranial aKIC can reverse the overall transamination flow of
leucine nitrogen to glutamate, thus depleting cerebral glutamate
pools (6, 7, 20, 21, 27). This mechanism appears to operate even
within day-to-day fluctuations of aKIC found in MSUD patients
considered metabolically stable. aKIC may have additional toxic

Table 3
Lifetime relative risks based on condition at the time of diagnosis

Il versus well Relative Fisher’s Exact
at diagnosis risk Pvalue
Depression 10.3 0.001
Anxiety 5.1 0.007
Global assessment of functioning <70 4.0 0.05

Full scale 1Q <70 2.9 0.20
Attention deficit hyperactivity 14 0.28

Volume 123~ Number4  April 2013



Table 4

Correlations of clinical variables with neuropsychiatric measures in Mennonite patients

Global

Conners’ Parent Rating DSM-IV subscores

Back Inventory z-scores

[1]

Hyperactive-

Full scale Depression Anxiety Inattention impulsive Total

Verbal

Performance

-0.62 0.01 -0.46 0.03

-0.57 0.01

NS
NS

0.45 0.03 -0.37

NS
NS

-0.04
-0.04

-0.48 0.02

NS

0.41

-0.49 0.02

Age in years

-0.18 NS

-0.11 NS

NS

-0.13

NS

NS

-0.05

-0.07 NS

NS

-0.1

Plasma leucine at time

of testing (uM)
Acid levels checked annually

041 NS -0.1 NS -0.32 NS 0.04 NS 05 0.02 039 NS 0.34 NS

0.45 0.03

NS

0.38

Lifetime measures of plasma amino acid homeostasis

The Journal of Clinical Investigation

-0.47 0.03 -0.42 0.04

-0.31

NS

-0.34

023 NS

NS

-0.49 0.02

0.01

-0.51

-0.46 0.03

Average lifetime leucine (uM)

Concentration ratios (mol:mol)

-0.25 NS

NS
0.008

-0.36
-0.51
-0.16
-0.04

NS

-0.32

NS

-0.2

0.09

NS
NS
NS
NS

-0.12
0.08
-0.25

-0.46 0.02

-0.49 0.009

-0.37

Leucine/valine

-0.06 NS

-0.05 0.009

-0.49 0.01

NS
NS

0.37

NS
NS

-0.26
-0.29
-0.24

NS 0.28 NS
-0.17 NS

NS

0.31
-0.17

-0.11

Leucine/tyrosine

-0.02 NS

NS
NS

NS
NS

NS -0.13
-0.05

-0.06 NS

-0.11

Leucine/tryptophan
Leucine/methionine

-0.03 NS

NS

0 0.07

NS

-0.25 NS

NS

Correlations among clinical variables are shown in the Mennonite population only (data available for 23 participants).
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effects on brain metabolism that explain the reduced cerebral con-
centrations of NAA and creatine we observed in MSUD patients.
In vitro, modestly elevated aKIC concentrations (0.5 mM) uncou-
ple mitochondria (26), and higher concentrations (2 mM) inhibit
o-ketoglutarate dehydrogenase and pyruvate dehydrogenase (25).
Similar actions might interfere with mitochondrial NAA synthesis
in vivo (Figure 5), particularly at higher ketoacid levels observed
during acute crises. Cerebral ketoacid concentrations in living
MSUD patients are unknown, but based on observed plasma con-
centrations and the known properties of the blood-brain mono-
carboxylate transporter, aKIC may frequently reach cerebral con-
centrations exceeding 0.5 mM in vivo.

Alternatively, cortical NAA and creatine deficiency may simply
reflect reduced neuronal density. Consistent with this hypothesis,
one postmortem study demonstrated abnormal cytoarchitecture,
thin dendrites, and decreased synaptic spine density in MSUD
brain (28). Structural damage that decreases total tissue NAA and
creatine content might accrue over many years, with greatest sus-
ceptibility during the early phase of brain development. Although
total brain volumes did not differ across groups, we observed sig-
nificant brain atrophy in some older MSUD patients (Figure 6), as
has been reported in other neuroimaging studies (29). Our finding
of reduced creatine suggests that creatine constancy should not be
assumed for use as an internal reference in disease states.

In certain clinical settings, the relationship between neuro-
chemistry and mental illness might be relatively specific. Other
inborn errors (e.g., phenylketonuria, ornithine transcarbamoylase
deficiency) entrain neurochemical states that may predispose to
mental illness, but unusual physiologic properties of the blood-
brain barrier may protect a small subset of individuals and atten-
uate their risk for cognitive disability (30-32). A similar principle
could apply to MSUD. In our study, 2 mentally healthy brothers
with MSUD had elevated plasma leucine levels without propor-
tionately decreased cortical glutamate (Figure 1). This may be
traceable to Michaelis-Menten properties of the cerebral LAT1
transporter that influence intellectual outcome, as has been in
proposed in phenylketonuria (30, 31).

Cognition, mood, and global function. The inverse relationship
between IQ and age among Mennonite patients likely reflects
cumulative improvements in medical care over the last 2 decades.
Specifically, older patients may have lower IQs because they could
not benefit early in life from the improved treatment regimens
available today. These improvements include more accessible local
outpatient and inpatient services, frequent home amino acid mon-
itoring, outpatient “sick-day” management protocols, reduced
hospitalization rates, and more rational formula design (Figure 7).
However, other possible causes for potential fluctuations or trends
in IQ over time should be investigated further through longitudi-
nal studies beyond the scope of this report.

Despite important clinical progress, MSUD patients still have
a high risk of neuropsychiatric disease that is not abrogated by
liver transplant. Our results suggest that an asymptomatic new-
born period, stringent leucine homeostasis, and cerebral essential
amino acid (particularly valine) sufficiency are vital to long-term
mental health and global function. Not directly addressed in our
study, the experience of having a chronic illness may also con-
tribute to depressed or anxious states. The relationship of mood
instability to early brain growth is particularly striking; patients
diagnosed as encephalopathic newborns were 5 and 10 times more
likely to later develop anxiety and depression, respectively, than
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those who remained metabolically stable throughout the neonatal
transition (Table 3). This suggests that early insults to the brain
may have long-term consequences and highlights the importance
of carrier testing and screening programs that allow for early iden-
tification and intervention.

In addition to cumulative cytostructural changes, ongoing
neurochemistry may influence cognition and affect. Cerebral
myo-inositol, important in cell growth and osmoregulation (33),
correlates with both intelligence and mood. We did not detect dif-
ferences of this metabolite among groups, but recurrent bouts
of cerebral edema that accompany hyperleucinemia could drive
dynamic changes of myo-inositol that influence higher cortical
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Figure 3

Clinical and neurochemical correlates of 1Q in classical MSUD
patients. There was an inverse correlation between 1Q and age
among the subgroup of Mennonite patients (A). An inverse correla-
tion between full scale 1Q and lifetime plasma leucine/valine ratio was
found (B). Cerebral metabolites, such as basal ganglia N-acetylaspa-
rate, also correlated with various 1Q measures (C). Symbols: Menno-
nite MSUD diet (violet circles); Mennonite MSUD transplant (blue dia-
monds); non-Mennonite MSUD diet (orange circles); non-Mennonite
transplant (yellow diamonds); control subjects, (gray shaded areas
[mean + SD] or gray squares).

function. The association of affective disorders with prefrontal
and anterior cingulate neurochemical deficiencies supports the
notion that these regions play a role in regulating emotions (34).
Interestingly, some relationships between neurochemistry and
neuropsychiatric outcomes were stronger in MSUD patients com-
pared with controls. Although MSUD patients did not have lower
NAA levels in the basal ganglia than controls, a more positive rela-
tionship between this metabolite concentration and performance
1Q existed for MSUD patients on diet compared with controls
(Figure 3C). This could imply a greater reliance on neuronal energy
for function in MSUD patients.

Attention and hyperactivity. MSUD patients have an alarming life-
time risk of ADHD. Unlike intelligence and mood, ADHD sub-
scores are highest in younger patients and are not strongly influ-
enced by condition at diagnosis. Sibling controls also have a high
prevalence of ADHD relative to the reported value of 9.6%-10.9%
in the general population of Pennsylvania (35). This could reflect
additional familial factors, but may also result from type II error.

ADHD in MSUD shows a complicated relationship to indices
of lifetime metabolic control and time-of-testing neurochemistry.
Patients with lower lifetime and recent leucine levels have higher
ADHD scores. Surprisingly, high lifetime tyrosine and low plasma
ratio of leucine to tyrosine — an indirect index of leucine inhibi-
tion on cerebral tyrosine influx (19) — are associated with ADHD.
Tyrosine is the substrate for brain catecholamines, and although
attention mechanisms have been linked to catecholaminergic sig-
naling, the risk of inattention from higher cerebral tyrosine influx
runs counter to current hypotheses (19, 36). This may relate to
receptor modulation. Further exploration is warranted to better
understand these relationships. Interestingly, our post hoc analy-
sis shows that a subgroup of MSUD patients is more vulnerable to
acute ADHD symptoms at times of moderate leucinemia (Figure
4D), reflecting genetic or developmental variations in susceptibil-
ity to plasma leucine dysregulation.

ADHD symptoms are also associated with low gray matter
metabolites, particularly NAA and glutamate. The anterior cin-
gulate cortex is active in situations that demand attention; how-
ever, little is known about anterior cingulate or midline prefrontal
cortex neurochemistry in ADHD patients. One study did demon-
strate an inverse association of ADHD with creatine and another
with qualitative levels of glutamate and glutamine in these brain
regions (37, 38). Additional studies of midline cortical neuro-
chemistry could contribute more broadly to our understanding of
mechanisms of attention.

As with mood, neurochemical correlates of inattention are
more varied when comparing groups and include strong inverse
correlations to cortical myo-inositol, creatine, and choline. The
relative interaction between group and basal ganglia choline in
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Figure 4

Clinical and neurochemical correlates of ADHD symptoms in MSUD patients. ADHD was inversely correlated to age (A) and directly related to
the lifetime plasma leucine/tyrosine ratio (B). Plasma leucine at the time of the study does not correlate with ADHD symptoms scores. However,
an interaction exists between plasma leucine and history of an ADHD diagnosis in predicting total ADHD ratings at the time of the study, such
that in those patients who have ever had a diagnosis of ADHD, higher leucine levels corresponded with higher symptom ratings (C). Severity of
inattention symptoms correlated with several metabolites, such as prefrontal and anterior cingulate (ACC) cortical NAA (D). Symbols: Mennonite
MSUD diet (violet circles); Mennonite MSUD transplant (blue diamonds); non-Mennonite MSUD diet (yellow circles); non-Mennonite transplant
(yellow diamonds); no ADHD (yellow squares); control subjects (gray shaded areas [mean + SD] or gray squares).

predicting scores of inattention suggests that for MSUD patients,
but not controls, higher choline compound levels are associated
with improved attention. Higher choline compound signals could
represent increased membrane turnover or acetylcholine pools
(33). Together, these findings suggest that in MSUD, attention
is a more dynamic phenomenon than intelligence and mood and
could be affected by a broader network of neurochemical systems.
Liver transplantation. The persistence of psychiatric morbid-
ity and neurochemical dysregulation following transplantation
is unsettling but consistent with prior observations (4, 5). This
suggests that neurostructural changes, acquired during cerebral
development or longitudinally, may be relatively irreversible (28,
29). Moreover, persistent deficiency of cerebral BCKDH in trans-
plant patients might continue to interfere with the neurochemi-
cal microenvironment despite normalization of systemic BCAA
homeostasis. The current study, however, may have failed to detect
meaningful differences due to the cross-sectional design, limited
sample size, insensitivity of chosen tests, variable age, time since
transplantation, or interindividual response differences.
1816
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Whatever the explanation, our results show clearly that liver
transplant cannot be expected to eradicate all psychiatric sequelae
of MSUD and does not eliminate the need for timely newborn
screening and rigorous medical follow-up (1, 2, 15). To the extent
that liver transplant can stabilize BCAA homeostasis during the
early phase of brain development, transplantation early in life will
likely afford the most substantial long-term benefit (3).

Conclusion. The current study provides what we believe is the first
comprehensive analysis of psychiatric comorbidity in MSUD and
correlates these findings with immediate and lifetime biochemical
and neurochemical variation. Our findings highlight the impor-
tance of early disease detection and metabolic control and the
limitations of liver transplantation with respect to mental health
outcomes. Specificity of correlations between metabolic control
and neuropsychiatric morbidity underscores the value of using
comprehensive models of cerebral essential amino acid nutrition,
viewed over the arc of lifetime, to guide treatment. Fluctuations
of systemic biochemistry within a reasonable framework of meta-
bolic control show limited discernible relationship to neuropsy-
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Theories of neurotoxic mechanisms of MSUD. At the blood-brain barrier, leucine, which has a low K, for LAT1, saturates the transporter and
blocks uptake of its competitors tyrosine, phenylalanine, tryptophan, isoleucine, histamine, valine, methionine, glutamine, and threonine. Among
these are precursors for neurotransmitters (dopamine, norepinephrine, serotonin, and histamine) and S-adenosylmethionine (S-AdoMet), the
brain’s major methyl donor. aKIC enters the brain via the monocarboxylate transporter (MCT) and reverses flux through cerebral transaminases
(TA). This depletes brain glutamate, GABA, and glutamine while increasing production of leucine and a-ketoglutarate (aKG). Glutamate and GABA
are the most abundant excitatory and inhibitory neurotransmitters, respectively, in the human brain. MSUD encephalopathy may also block oxida-
tive phosphorylation through an as yet unknown mechanism; in vitro data has implicated aKIC-mediated inhibition of pyruvate dehydrogenase
(PDH), a-ketoglutarate dehydrogenase (aKGDH), and components of the electron transport chain (ETC). Impaired mitochondrial function can
interfere with the production of NAA, which therefore serves as a marker for neuronal energy production. Additionally, energy from ATP is some-
times transferred to the creaine-phosphocreatine (Cr-PCr) system for later use.

chiatric outcome, whereas remote clinical history and long-term
metabolic management have a substantial impact. Chronic neu-
rochemical deficiencies and correlations of metabolic control and
neurochemistry with neuropsychiatric outcomes provide insight

Figure 6

Cerebral atrophy in MSUD. A series of T2-weighted axial images from
an MSUD participant who experienced poor metabolic control early in
life (upper panel) and an age-matched control (lower panel) show the
cerebral atrophy observed in some older patients who experienced pro-
longed amino acid imbalances during infancy or long periods of poor
longitudinal metabolic control. There is a general loss of brain tissue at
every level of the neturaxis, visible as thinner cortical gyri and cerebel-
lar fossa, prominent sulci, and expansion of the perivascular spaces,
particularly evident near the cortical surface and temporal lobes.
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into basic physiological mechanisms that may underlie chronic
MSUD brain disease. Future work should address potential ways
of preventing psychiatric comorbidity in MSUD and explore the
relevance of the current findings to general psychiatry.

MSUD

Control
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Study participants. We studied 26 MSUD patients managed with dietary
therapy (MSUD diet; median age 19.5, range 7-35 years), 11 treated with
liver transplantation (MSUD transplant; median age 12.0, range 5-26
years; surgery between 2.2 and 22.4 years of age, time since transplantation
0.2 to 14.0 years), and 26 age-matched controls (median age 15.9, range
6-35 years), most of whom were siblings to MSUD patients (Table 1).
Twenty-six subjects were Old Order Mennonite and homozygous for the
BCKDHA ¢.1312T>A mutation (39).

Neurochemical quantification. Neurochemical spectra were generated with
single voxel proton MRS (echo time = 30 ms; repetition time = 2000 ms)
using a point resolved spectroscopy pulse sequence on a Siemens Magnetom
Trio 3 Tesla scanner over 80 acquisitions (40). Regions of interest were the
left basal ganglia, midline prefrontal and anterior cingulate cortex, and right
parieto-occipital white matter (Figure 8A), chosen based on their relevance to
acute MSUD neuropathology (12, 41) and psychiatric illness (34, 36).

MRS spectra (Figure 8B) were quantified using LCModel (s-provencher.
com/pages/lcmodel.shtml) with standard brain water referencing and

Figure 8

MRS methods. Regions of interest for quantitative MRS were placed
in the left basal ganglia (A, left), prefrontal and anterior cingulate corti-
ces (middle), and right parietal centrum semiovale white matter (right).
Sample resulting MRS spectra from the anterior cingulated cortex of
a control (B, left) and MSUD patient (B, right) demonstrate a rela-
tive decrease in glutamate (Glu), creatine (Cre), and NAA peaks. The
choline peak (Cho) is also labeled in the spectra from the MSUD patient.
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Figure 7

Historical improvement in cerebral valine nutrition. Improved dietary
management has resulted in a trend of an increasing ratio of valine
(val) to the other BCAAs (isoleucine, leucine, allo-isoleucine [allo])
competing for transport across the blood brain barrier. *P < 0.05. Error
bars represent mean + SD.

correction for voxel cerebrospinal fluid composition (42, 43). Metabolites
that varied more than 20% of the mean across 80 averages due to artifact
were excluded. Using this criterion, we quantified NAA, creatine, choline
compounds (primarily glycerophosphocholine and phosphocholine) (33),
myo-inositol, and glutamate in millimoles per kilogram of brain tissue.

Neuropsychiatric testing. Full scale, verbal, and performance IQs were
obtained using the Wechsler Abbreviated Scale of Intelligence (44). Deter-
mination of depression, anxiety, ADHD, and global function were guided
by the Structured Clinical Interview for the Diagnostic and Statistical
Manual of Mental Disorders (DSM-1IV) (45) or its childhood version (46).
Global assessment of function, a scale of social, occupational, and psy-
chological functioning described in the DSM-IV, was also determined
through this interview.

Age-appropriate continuous measures for depression and anxiety were
drawn from the Beck Depression (47) and Anxiety (48) Inventories or
sub-scores of the Beck Youth Inventories of Emotional and Social Impair-
ment (49). Scaled scores for adult and youth versions were reconciled by
calculating z-scores, where z = (patient score - age-adjusted mean score)/
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(age-adjusted SD) (50, 51). Conners’ Parent Rating Scale-Revised (52), com-
pleted by spouses in the case of married participants, were used as a con-
tinuous measure of ADHD symptomatology using hyperactive-impulsive,
inattentive, and total subscores based on DSM-IV criteria. For 5 partici-
pants (2 controls, 3 MSUD), no family member was available to complete
the ADHD questionnaire.

Metabolic control and cerebral influx modeling. Samples for plasma amino
acid quantification were obtained from 92% of participants the day of
neuroimaging (15), Cerebral leucine influx was estimated using published
Michaelis-Menten constants for the cerebral endothelial large amino acid
transporter-1 (LAT1) (2). For 27 subjects (22 diet, 5 transplant), leucine
levels were obtained within 2 weeks of neuropsychiatric evaluation.

Sufficient data were available to determine early life course and sub-
sequent longitudinal control in a subgroup of 23 Mennonite MSUD
patients. To characterize longitudinal essential amino acid homeostasis,
we used frequency of amino acid monitoring (levels/yr), BCAA levels, and
leucine variability measured across the life span (with a minimum gap of
S days between consecutive samples to avoid oversampling during illness),
and mean lifetime plasma ratios of leucine, the strongest BCAA competitor
at the blood-brain barrier (K, for LAT1 = 29 uM), to other amino acids of
interest, specifically valine (K,, = 210 uM), tyrosine (K,, = 64 uM), trypto-
phan (K, = 15 uM), and methionine (K,, = 40 uM).

Statistics. Fisher’s exact test was used for categorical comparisons.
Neuropsychiatric measures were compared across groups using 3-way
ANOVA. Neurometabolites were compared using a 3-way, type-III analy-

research article

sis of covariance with age and partial volume as covariates. Post hoc
Tukey’s tests identified group differences. A P value of less than 0.05 was
considered significant. Neurometabolites with a nonnormal distribu-
tion using the Shapiro-Wilk test were transformed using a logo scale.
Spearman nonparametric correlations (r;) were used to relate neuropsy-
chiatric outcomes and metabolic control. To control for age and partial
volume effects, a partial correlation coefficient was calculated for cor-
relations involving neurochemistry.

Study approval. The study was approved by the Penn State College of Med-
icine Institutional Review Board. Participants (or their parents) consented
in writing to participation in the study and publication of the research.
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