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Novel models to study chronic 
neurologic symptoms in branched chain 

amino acid disorders
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• Extreme elevations of BCAAs and BCKAs

• Infants have encephalopathy, coma, seizures, death due 
to acute leucine toxicity.

• Treatment with low-BCAA diet and / or liver 
transplantation improves BCAA in plasma.

• Unfortunately, even well-controlled patients often 
develop cognitive impairment and neuropsychiatric 
illness.  Likely due to ongoing abnormal BCAA 
metabolism in brain.

• Previously available mouse models do not survive long 
enough to investigate chronic neurologic phenotypes

How does MSUD alter the development and function of the brain?
 



How does MSUD alter the development and function of the brain?
 

Maple Syrup 
Urine Disease

• Alterations in energy production in the 
mitochondria

• Changes in the glutamate / glutamine 
cycle

• Alterations in mTOR signaling

• Disruption of de novo purine and 
pyrimidine synthesis



What are the clinical effects of neuronal dysfunction in treated MSUD?
 

Strauss et al. MGM. 129 (2020) 193-206



Existing MSUD mice: Limited use in studies of chronic neurologic symptoms

Whole body DBT KO 
All pups die within 72 hours

Intermediate MSUD mouse
-Human DBT gene knocked in expressing at 5-6% activity

- Mice live until a median of 6 weeks but are small and have motor defects



How does impaired BCAA metabolism in brain disrupt neuronal function?
Developing tools to answer this question
 



Developing a brain-specific Dbt knockout model



Developing a brain-specific Dbt knockout model



Proposed mechanisms of neuropsychiatric disease in MSUD

Muelly et al. J Clin Invest. 2013;123(4):1809-1820.

http://www.jci.org/123/4


Loss of Dbt expression in brain increases branched chain amino acid levels in cortex



Loss of Dbt expression in brain disrupts untargeted metabolomic profiles in cortex



Loss of Dbt expression in brain disrupts untargeted metabolomic profiles in cortex



Loss of Dbt expression in brain reduces acylcarnitine species downstream of BCKDH



A high protein diet exacerbates metabolic abnormalities in the cortex of peripheral 
carrier, brain knockout MSUD mice



A high protein diet exacerbates metabolic abnormalities in the cortex of peripheral 
carrier, brain knockout MSUD mice



What happens when there is loss of Dbt expression in either neurons or astrocytes alone?

Salcedo C, et al. Front. Aging Neurosci. (2021) 13:736580.



What happens when there is loss of Dbt expression in either neurons or astrocytes alone?



What happens when there is loss of Dbt expression in either neurons or astrocytes alone?



Loss of Dbt expression in either neurons or astrocytes alone has only a modest affect on 
whole brain amino acid levels



Loss of Dbt in either neurons or astrocytes alone alters global metabolic profiles



High protein diet in neuronal or astrocyte MSUD models exacerbates BCAA levels in brain
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Peripheral carrier, brain KO MSUD mice have no significant changes in neuron number
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Peripheral carrier, brain KO MSUD mice have normal dendritic spines in the hippocampus
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Does the brain-specific MSUD model have abnormalities on EEG?
 

Day 0 
Implant 

electrodes
in p60 mice

Day 2 
Begin

recording on 
regular (20% 
protein) diet

Day 4-5 
Transition

to 40% 
protein diet

Day 6-7 
Collect tissue 
for histology

Motor Cortex

Auditory Cortex

Visual Cortex

Somatosensory Cortex

CA1 region of Hippocampus



Analyzing background frequency shifts in EEG



Brain-specific MSUD mice demonstrate abnormal hippocampal activity

DbtFlox/Flox, Cre -

DbtFlox/Flox, Nes Cre +



Brain-specific MSUD mice demonstrate subtle anxiety phenotypes on behavioral assays



Is there a better marker of neurologic dysfunction in brain-specific MSUD mice?



Could functional neuroimaging detect neurologic deficits?

Curr Psychol (2023) 42:8156–8163



Can functional neuroimaging be helpful when someone can’t perform a task?

Resting state functional connectivity analysis measures 
correlation of activity in different brain regions at rest.

Front. Syst. Neurosci., 17 June 2010



Resting state functional connectivity neuroimaging in mice using optical intrinsic signals 

Brian White, MD, PhD



Astrocyte-specific MSUD mice on a high protein diet have increased resting state functional 
connectivity in posterior somatosensory cortex 



Brain-specific MSUD mice have increased resting state functional connectivity in posterior 
somatosensory cortex on regular diet that worsens on a high protein diet



Conclusions:

• Loss of BCKDH activity in brain alone is enough to increase branched chain amino acid (BCAA) levels in brain

• Metabolic differences extend beyond just BCAAs

• High protein diet worsens BCAA levels in brain knock-out mice, including changes in key neurotransmitters in 
the brain

• Mice lacking BCKDH activity in neurons or astrocytes alone also have subtle metabolic differences, suggesting 
both cell types play an important role in brain BCAA homeostasis

• Loss of BCKDH activity in brain does not change neuronal numbers or dendritic complexity

• Brain knockout MSUD mice have decreased power and increased spiking activity on EEG analysis

• Brain knockout mice also have very subtle anxiety phenotypes on behavioral testing

• Resting-state functional connectivity analysis may be a more sensitive measure of network-level neurologic 
deficits in MSUD mouse models
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MSUD prevalence estimates from 
publicly available datasets



How common is MSUD?
 

Chapman, et al. MGM Reports 15 (2018) 106–109 

Other population estimates:
Mennonite community: 1:380
Ashkenazi Jewish population: 1:26,000



Why is it important to know incidence? Orphan drug designation
 

Orphan drug designation qualifies sponsors for incentives including:

• 7-year marketing exclusivity to sponsors of approved orphan products

•25% federal tax credit for expenses incurred in conducting clinical research within the United States

• Tax credits may be applied to prior year or applied over as many as 20 years to future taxes

•Waiver of Prescription Drug User Fee Act (PDUFA) fees for orphan drugs

• A value of approximately $2.9 million in 2021

•Ability to qualify to compete for research grants from the Office of Orphan Products Development (OOPD) to 

support clinical studies for orphan drugs

•Eligibility to receive regulatory assistance and guidance from the FDA in the design of an overall drug 

development plan



Why is it important to know incidence? Orphan drug designation
 

The Orphan Drug Act defines a rare disease as a disease or condition 

that affects less than 200,000 people in the United States.

https://www.fda.gov/industry/designating-orphan-product-drugs-and-biological-products/orphan-drug-act-relevant-excerpts


Why is it important to know incidence? Orphan drug designation
 

Miller et al. Orphanet J Rare Dis 16, 265 (2021).



Why is it important to know incidence? Orphan drug designation
 

Miller et al. Orphanet J Rare Dis 16, 265 (2021).



Is there another way to estimate incidence? Can we use basic genetic principles?
 

National Cancer Institute



Is there another way to estimate incidence? Can we use basic genetic principles?
 

National Cancer Institute

If we can figure out how many 
carriers are in a population, we can 

predict how many affected 
patients are in a population.



Is there another way to estimate incidence? 
Can we use basic genetic principles?
 



Is there another way to estimate incidence? 
Can we use basic genetic principles?
 

Large genome sequencing datasets can 
help us figure out allele frequencies



Large databases of genomic data 

https://gnomad.broadinstitute.org



Examples of DBT variants in gnomAD



The next step is to determine which variants are truly disease-causing

Diego Quintero, 
MS CGC

Kierstin Keller, 
MS CGC



DBT
pLOF variants: 13

Missense Variants (P, LP, VOUS): 168

Mined the gnomAD database for all predicted loss of function and missense variants (classified as P/LP and VOUS) in the 
three genes associated with Maple Syrup Urine Disease: DBT, BCKDHA, BCKDHB 

BCKDHA
pLOF variants: 29

Missense Variants (P, LP, VOUS): 244

BCKDHB
pLOF variants: 30

Missense Variants (P, LP, VOUS): 158

DBT
pLOF variants (P/LP): 13

Missense Variants (P, LP): 8

Using the ACMG variant classification guidelines to determine which variants would meet criteria for pathogenic and 
likely pathogenic classifications

BCKDHA
pLOF variants (P/LP): 27

Missense Variants (P, LP): 35

BCKDHB
pLOF variants (P/LP): 30

Missense Variants (P, LP): 23



Determined variant carrier 
rate (VCR) of each likely 

pathogenic and pathogenic 
variant

VCR = (allele count – 
homozygote count) 

 (0.5 * allele number)

DBT variants: 21 BCKDHB variants: 53BCKDHA variants: 62

Sum VCR to determine 
Gene Carrier Rate (GCR) 

DBT carrier rate: 
0.00191775

BCKDHA carrier rate : 
0.001919908

BCKDHB carrier rate : 
0.00288119

Calculate gene specific 
incidence using The 

Hardy-Weinberg 
Equation  

DBT Incidence: 
1 in 271,905

BCKDHA Incidence: 
1 in 271,294

BCKDHB Incidence: 
1 in 120,464

Combine to determine 
MSUD incidence 1 in 63, 837
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