
ORIGINAL ARTICLE

Tyrosinemia type I and not treatment with NTBC
causes slower learning and altered behavior in mice

Megan A. Hillgartner1 & Sarah B. Coker1 & Ashton E. Koenig1 &

Marissa E. Moore1 & Elizabeth Barnby2 & Gordon G. MacGregor1,3

Received: 5 February 2016 /Revised: 11 May 2016 /Accepted: 12 May 2016 /Published online: 6 June 2016
# SSIEM 2016

Abstract Tyrosinemia type I is a recessive inborn error of
metabolism caused by mutations in the fumarylacetoacetate
hydrolase (FAH) gene, coding for the final enzyme in the
metabolism of tyrosine. This renders FAH nonfunctional and
without treatment, toxic metabolites accumulate causing liv-
er and kidney damage. Introduction of the drug NTBC in
2002 offered a treatment which inhibits an upstream en-
zyme, preventing the production of the toxic metabolites.
There is now a long-term survival rate of greater than
90 % in children, but there are reports of lower cognitive
function and IQ as well as schooling and behavioral prob-
lems in these children. We studied a mouse model of
tyrosinemia type I to gain insight into the effects of
tyrosinemia type I and treatment with NTBC on mouse
learning, memory, and behavior. In the Barnes maze, visual
and spatial cues can be used by mice to remember the loca-
tion of a dark escape box. The primary time, distance, and
strategy taken by the mice to locate the escape box is a
measure of learning and memory. Our findings show that
mice with tyrosinemia type I were slower to learn than

wild-type mice treated with NTBC and made more mistakes,
but were capable of learning and storing long-term memory.
After learning the location of the target hole, mice with
tyrosinemia type I respond differently to a change in loca-
tion and were less flexible in learning the new target hole
location. Our findings suggest that this slower learning and
cognitive difference is caused by tyrosinemia type I and not
by the treatment with NTBC.

Abbreviations
TT1 Tyrosinemia type I
FAH Fumarylacetoacetate hydrolase
NTBC 2-(2-nitro-4-trifluoromethylbenzoyl)

cyclohexane-1-3-dione
Tyr L-tyrosine
Phe L-phenylalanine
Trp L-tryptophan
LNAA Large neutral amino acid
HPPD 4-hydroxyphenylpyruvate dioxygenase
ALAD δ-aminolevulinate dehydratase

Introduction

Tyrosinemia type I (TT1, OMIM 276700) is a recessive in-
born error of metabolism caused by mutations in the
fumarylacetoacetate hydrolase gene (FAH, EC 3.7.1.2). This
enzyme catalyzes the fourth and final step in the breakdown of
tyrosine (Fig. 1). The reduced activity or absence of expres-
sion of the FAH enzyme results in the accumulation of the
metabolites proximal to this step, including malylacetoacetate
(MAA) and fumarylacetoacetate (FAA), both of which can be
converted to succinylacetone (SA). This causes severe liver
and kidney damage (Lindblad et al 1977). FAA has been
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shown to be a mutagenic metabolite and a major risk factor for
hepatocellular carcinoma (Jorquera and Tanguay 2001).
Succinylacetone is a neurotoxin and can interact with renal
transport proteins causing a tubular wasting and Fanconi syn-
drome with secondary rickets (Santra et al 2008; Maiorana
et al 2014). Succinylacetone is also a very potent inhibitor of
ALAD, the rate limiting enzyme in heme synthesis, causing a
build-up of δ-ALA (5-aminolevulinic acid) and porphyria-like
peripheral neuropathy symptoms and CNS neurological crisis.
The diagnosis of tyrosinemia type I is made by the detection of
succinylacetone in the plasma or urine (Lindstedt et al 1992;
Barnby 2014) and is confirmed by finding mutations in the
FAH gene.

Although most of the long term complications from the
disease come from hepatic failure and hepatocellular carcino-
ma, there are frequent episodes of peripheral neuropathy and
neurological crisis. This is characterized by excruciating pain
and peripheral muscle weakness (Mitchell et al 1990) that
can be completely reversed after liver transplantation
(Noble-Jamieson et al 1994). Around 10 % of deaths have
occurred during neurological crisis (Van Spronsen et al 1994).

For years the only treatment for children with tyrosinemia type
I was a liver transplant and/or a diet low in tyrosine and
phenylalanine. Since the approval of NTBC (2-(2-nitro-4-
trifluoromethylbenzoyl) cyclohexane-1-3-dione) for treatment
of tyrosinemia type I in 2002 (in the US), it has been established
as a highly-effective treatment and an alternative to liver trans-
plantation. Before treatment with NTBC there was a high mor-
tality before two years of age, usually from hepatocellular car-
cinoma and/or hepatic encephalopathy. Children in theUS have
been treated with NTBC for over a decade (longer in Europe),
and follow up examinations are showing lower than normal IQ,
schooling difficulties, as well as behavioral, cognitive, and
learning problems (Masurel-Paulet et al 2008; De Laet et al
2011; Thimm et al 2012; Pohorecka et al 2012; Bendadi et al
2014). Children with tyrosinemia type I being treated with
NTBC had an average IQ score 20 points lower than their
unaffected siblings (Bendadi et al 2014). Children with
tyrosinemia type I also show altered cognitive, learning, school-
ing, and behavioral problems. The mechanism(s) behind these
changes are unknown. Proposed mechanisms include
hypertyrosinemia and increased transport of tyrosine into the

Fig. 1 The tyrosine catabolism and dopamine synthesis pathways.
Tyrosine can be ingested from food, or synthesized by the
hydroxylation of phenylalanine by phenylalanine hydroxylase (PAH,
EC 1.14.16.1). The first step in the breakdown of tyrosine is conversion
to 4-hydroxyphenylpyruvate by tyrosine aminotransferase (TAT, EC
2.6.1.5). The second step is conversion into homogentisate, by 4-
hydroxyphenylpyruvate dioxygenase (HPPD, EC 1.13.11.27) and this
is the step that is inhibited by the pharmaceutical 2-[2-nitro-4-
trifluoromethylbenzoyl) cyclohexane-1,3-dione (NTBC). NTBC
prevents the breakdown of tyrosine causing hypertyrosinemia.
Homogentisate is oxidized to malylacetoacetate by homogentisate
dioxygenase (HGD, EC 1.13.11.5) and isomerized by maleylacetoacetate
isomerase (MAI, EC 5.2.1.2) to form fumarylacetoacetate. The final step
of tyrosine metabolism involves the breakdown of fumarylacetoacetate
into fumarate and acetoacetate, and is catalyzed by fumarylacetoacetate
(FAH, 3.7.1.2). This is the enzyme mutated in tyrosinemia type I.

Tyrosine serves as the basic building block for dopamine. First tyrosine
is hydroxylated to L-DOPA by tyrosine hydroxylase (TH, EC 1.14.16.2),
and then dopamine is synthesized by decarboxylation of L-DOPA by
DOPA decarboxylase (DDC, EC 4.1.1.28). There are several pathways
by which dopamine can be broken down but they involve oxidation by
monoamine oxidase (MAO, EC 1.4.3.4) and modification by catechol-O-
methyltransferase (COMT, EC 2.1.1.6) to produce the stable waste
product homovanillate. In the case of tyrosinemia type I (TTI) where
the enzyme FAH is compromised, MAA and FAA will accumulate and
be converted to the metabolite succinylacetone which has deleterious
effects on the liver, kidneys, and the central and peripheral nervous
system. The rate-limiting enzyme in heme synthesis δ-aminolevulinate
dehydratase (ALAD, EC 4.2.1.24) is extremely sensitive to inhibition by
SA, leading to a buildup of δ-aminolevulinate (δ-ALA) and subsequent
toxic effects
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brain, decreased transport of neutral amino acids into the brain,
increased CNS dopamine, decreased CNS serotonin, oxidative
damage from δ-ALA, and succinylacetonemodification of neu-
ronal proteins. Succinylacetone has been shown to accumulate
in the rat brain and be a potent inhibitor of heme synthesis
(Wyss et al 1993).

Years before the introduction of NTBC treatment, it was
established that there was brain pathology associated with
tyrosinemia type I, especially of the white matter of the brain
(Kobayashi et al 1980). There have been autopsy findings of
spongy degeneration of the white matter in the central cere-
brum (Partington and Haust 1967) and multiple reports of
alterations in astroglial cells with large, vacular nuclei in some
cases and poorly developed white matter in another case
(Halvorsen et al 1966). White matter composes about half of
the human brain and hypomyelination has been implicated in
altered cognitive function. Increases in cortical myelination
occur during development and skill learning (Fields 2008).
Hypomyelination or dysmyelination cause nerve conduction
impairment resulting in cognitive changes and behavioral dis-
orders (Fields 2008).

It remains uncertain whether the cognitive and behavioral
problems observed in children with tyrosinemia type I are a
long term consequence of tyrosinemia type I, or are caused by
treatment with NTBC. To gain insight into this question we
used the Barnes maze to test learning and memory in mice
with and without tyrosinemia type I treated with NTBC
(Barnes 1979).

Materials and methods

Tyrosinemia type I mice This Fah5961SB (Fah1R or Fahmut)
genetically modified mouse was originally created at Oak
Ridge National Laboratories (Aponte et al 2001). The muta-
tion generated is a G-to-A substitution at the last base of exon
7 leading to the splicing of exon 6 to exon 8, and resulting in a
transcript that lacks exon 7. The absence of exon 7 in the
transcript results in a frameshift and subsequently the intro-
duction of a premature stop codon at amino acid position 303
(Aponte et al 2001). This results in no functional FAH protein
expressed in the mouse. We obtained the Fah1RTyrC/RJ mice
(Stock# 018129) from Jackson Labs (Bar Harbor, Maine,
USA). For additional details about the tyrosinemia type I
mice, their genotyping, urine analysis, and nesting building
behavior (Deacon 2006), see Supplementary materials.

Each experimental cohort consisted of three groups, WT mice
drinking water, WT mice drinking NTBC dissolved in water
(7.5 mg/L), and tyrosinemia type I mice Fahmut/Fahmut drink-
ing NTBC dissolved in water (7.5 mg/L). The pregnant dams
are treated with NTBC in their drinking water a few days after
mating. The Fahmut/Fahmut experimental pups will die within

24 hrs if they do not receive NTBC from their mother’s breast
milk. From now on we will refer to the Fah5961SB/Fah5961SB

mice as Fahmut. We tested two cohorts of mice from time
separated breeding’s with a final total of 8–10 animals per
group. Mice were weaned and separated at four weeks and
behavioral testing was conducted when the mice were be-
tween 12 and 16 weeks of age.

Mice were housed on a 12 hr reversed light/dark cycle,
housed 2-5 mice per cage, with corn cob bedding (Harlan),
fed mouse chow (Teklad Global 18 % Protein Rodent Diet
which contained 0.6 % tyrosine and 1 % phenylalanine), and
water ad libitum. NTBC was purchased from Yecuris
Corporation (Tualatin, OR).Mouse houses and wheels as well
as cotton nesting material were provided for enrichment pur-
poses. There was no difference in mouse weight between the
three groups of mice (male mice only at 12-14 weeks) F (2,
29)=0.6062, P=0.5522, with WT-water mice weighing 27.8
± 0.1 g (n = 8) and WT-NTBC and Fahmut-NTBC mice
weighing 26.4±0.7 g (n=10) and 26.9±0.8 g (n=14), re-
spectively. All mouse care, breeding, and experimental proto-
cols were approved by the UAH IACUC committee.

The Barnes maze setup The Barnes maze was originally de-
veloped for rats, but works equally well for mice with a few
minor modifications to the protocol (Barnes 1979; Bach et al
1995; Harrison et al 2006; Attar et al 2013; O'Leary and Brown
2013). The Barnes maze was used to assess the visual/spatial
learning and long-term memory in the tyrosinemia type I mice
and the mice treated with NTBC. The Barnes’ maze arena
consisted of an elevated circular platform with a height of
90 cm and a 91 cm diameter (Stoelting Co., Wood Dale, IL).
Around the arena’s circumference, there were 20 equally
spaced holes with a 5 cm diameter. One of the 20 holes
contained a dark sunken compartment that served as the escape
box. In order to create a mildly aversive environment, nine
150W spotlights were aimed at the maze in such a way to serve
as motivation for the mice to navigate the maze and locate the
escape box. The arena of the maze was surrounded with plastic
medical screen dividers so that the mice were not distracted by
the experimenters’ actions and/or unintended variable distal
cues. Four proximal visual cues (a square, circle, triangle, and
a cross) were attached to the clinical dividers in equal spacing
so that the mice were able to orient their direction on the maze
with visual cues. The mice were also able to orient themselves
using spatial cues such as overhead lights, camera, cables, and
ceiling tiles. The Barne’s maze protocol consisted of acclima-
tization, training, retention of memory, and a response to a new
target hole location which we called the probe test. For details
see Supplementary materials.

Data acquisition and analysis Data were filmed, recorded,
and analyzed using Ethovision XT 9.0 Software (Noldus
Information Technology Inc., Leesburg, VA). Mouse
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movement was tracked using the geometric animal center or
three point tracking using the nose, center, and tail base.
Mouse movement was detected using either static or dynamic
subtraction with a data sampling of 30 times per second. Data
was exported as a spreadsheet and plotted using Prism 6.0
software (GraphPad Software Inc., La Jolla, CA).

Statistical analysis All data are presented in the results as
mean ± SEM unless otherwise indicated. The Barnes maze
data collected from the three groups of mice, WT-water,
WT-NTBC, and Fahmut-NTBC were compared using one-
way ANOVA, with P < 0.05 considered significant.
Intergroup analyses was performed using Tukey's multiple
comparisons test, again with P< 0.05 considered signifi-
cant. The graphs of primary measurements (Fig. 2a-d) are
shown as mean ± SEM for visual clarity, all other graphs
are presented as mean ± SD. For the urine homovanillic
acid levels, data are presented as mean ± SD and were com-
pared using a two-tailed Student’s t test. All data was plot-
ted and statistics analyzed using Prism 6.0 software.

Results

NTBC treatment increases the amount of homovanillic
acid in the urine

NTBC inhibits the second enzyme 4-hydroxyphenylpyruvate
dioxygenase (HPPD, EC 1.13.11.27) in the catabolism of ty-
rosine resulting in hypertyrosinemia. Tyrosine also serves as
the substrate for dopamine synthesis (Fig. 1). We hypothe-
sized that NTBC would increase the levels of the
neurotransmitter/hormone dopamine, and that this may mod-
ify the behavior, learning, and memory of the mice. Mice
drinking water dosed with NTBC (7.5 mg/L) had four times
the amount of homovanillic acid in their urine (Supplemental
Fig. 1, P<0.0001).WTmice drinkingwater (WT-water) had a
mean urine homovanillic acid level of 52.6±5.4 μg/mg cre-
atinine (n=6), while the combined group of mice drinking
NTBC water (WT-NTBC and Fahmut-NTBC) had a
homovanillic acid level of 202.9 ± 20.0 μg/mg creatinine
(n=9). Although this is proof of concept that NTBC can in-
crease dopamine levels, the relationship of systemic dopamine

Fig. 2 Mice with tyrosinemia type I take longer to learn the target hole
location in the Barnes maze. Primary measured endpoints for mouse
behavior were primary latency, primary distance, primary velocity and
primary errors, and are shown for the three groups of test mice. In all
graphs WT-water mice are represented by a solid square (■), WT-NTBC
mice are represented by a solid circle (●), and the tyrosinemia type I mice
(Fahmut-NTBC) are shown by a solid triangle (▲). Data are presented as
mean ± SEM. A. Primary latency, the time to first find the target hole was

similar for all three groups ofmice on day 1. By day 2, both groups ofWT
mice, WT-water, and WT-NTBC, showed significant improvements in
primary latency (a), primary distance (b), and primary errors (c)
(P< 0.05). After two days rest all three groups of mice showed similar
skill in recollection of the location of the target hole, with no difference
between primary latency (a), primary distance (b), and primary errors (c).
There is no difference between mouse velocity on any given day, or
between any group of mice on any day (d)
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and homovanillic acid concentrations to the central nervous
system dopamine levels is likely irrelevant and will be
discussed.

Tyrosinemia type I mice (Fahmut-NTBC) take longer than
WT-NTBC mice to learn the target hole location
in the Barnes maze

We used the Barnes maze as a model to study the effect of the
disease condition tyrosinemia type I and its treatment NTBC, on
visual/spatial learning and long term memory in mice. On day
one the primary latency to find the target hole, that is, the time it
takes for the mouse to locate the target hole, but not necessarily
enter the escape box, was similar between all three groups of
mice, F (2, 23)=1.559,P=0.2318 (Fig. 2a). TheWT-water mice
had a primary latency of 51.43±12.48 s (n=10), theWT-NTBC
mice were 78.67±8.25 s (n=8), and the Fahmut-NTBC mice
were 78.92±16.98 s (n=8). However, by the second day of
training the WT mice drinking water and the WT mice treated
with NTBC showed dramatic improvement over the tyrosinemia
type I mice in time to find the target hole, with primary latency
time being 30.70±4.93 s for WT-water (n=10), 32.75±6.45 s
for WT-NTBC (n=8) mice, but 98.29±14.22 s (n=8) for the
Fahmut-NTBC mice, F (2, 23)=17.90, P<0.0001 (Fig. 2a) with
bothWTmice groups being similar, but the Fahmut-NTBC taking
about three times longer to find the target hole (Fig. 2a,P<0.05).
This general pattern continued through day three and day four,
with the tyrosinemia mice taking longer to locate the hole, but
improving a little every day. The mice then had a two day maze
holiday and were tested again for retention memory of the target
hole location, using the visual/spatial cues. On retention day all
three groups of mice were similar F (2, 23)=2.741, P=0.0856
(Fig. 2a), with WT-water having a primary latency of 15.40
±4.36 s (n=10), WT-NTBC taking 17.13±4.28 s (n=8), and
Fahmut-NTBC having a latency of 61.38±28.29 s (n=8). The
large variation in the tyrosinemia mouse group was due to two
wayward, unsporting mice. If these mice are excluded from the
analyses, the primary latency times to target hole on retention day
are essentially indistinguishable between the three groups of
mice.

Tyrosinemia type I mice travel longer to find target hole
in the Barnes maze

The primary distance to target hole showed a similar pattern to
primary latency, but on day one WT-water mice traveled a
shorter distance to find the target hole than the mice drinking
NTBC (P<0.05), F (2, 23)=5.793, P=0.0092 (Fig. 2b). The
WT-water mice traveled 265.7±48.8 cm (n=10) while the
WT-NTBC mice and Fahmut-NTBC mice traveled 551.2
±66.5 cm (n=8) and 474.5±76.8 cm (n=8), respectively. On
day two, both the WT-water mice and WT-NTBC mice were
able to find the target hole in 219.8±25.9 cm (n=10) and

239.6±46.4 cm (n=8) respectively, while the Fahmut-NTBC
mice had not improved, traveling 517.6±49.8 cm (n=8), F
(2, 23)=16.67, P<0.0001. This learning trend continued, and
after the 2 day rest, retention distances were similar between all
three groups of mice, F (2, 23) = 1.877, P = 0.1757. The
WT-water mice traveled 139.8±29.8 cm (n=10), while the
WT-NTBC and Fahmut-NTBC mice traveled 158.3
±45.66 cm (n=8) and 324.4±124.5 cm (n=8), respectively
(Fig. 2b). There was no difference in primary velocity in a
single group of mice during the experimental protocol or be-
tween the three groups of mice on any given day F (14,
110)=1.406, P=0.1624 (Fig. 2d). Using day one as an exam-
ple, F (2, 22)=0.7700, P=0.4751 the primary velocity of WT-
water mice was 6.3±0.6 cm/s (n=10) and the primary veloci-
ties of WT-NTBC and Fahmut-NTBC were 7.0 ± 0.3 cm/s
(n=8) and 7.1±0.5 cm/s (n=8) respectively (Fig. 2d).

Tyrosinemia type I mice make more errors in finding
target hole in the Barnes maze

On the first day of training the mean number of errors made
while finding the target hole was 3.7±0.8 (n=10) for WT-
water and 8.8±1.1 (n=8) and 5.1±1.0 (n=8) for WT-NTBC
and Fahmut-NTBCmice, respectively (Fig. 2c). However, by day
two the tyrosinemiamice were still making 5.9±0.7 errors, more
than twice the errors of theWT-water andWT-NTBCmice, F (2,
23)=12.45, P=0.0002, which were making 2.1±0.4 and 2.4
±0.6 errors per trial, respectively (Fig. 2c). The general trendwas
toward less errors in future consecutive days. On retention day,
the number of errors in finding the target hole was similar be-
tween all three groups of mice, F (2, 23)=0.7472, P=0.4849.
The number of errors made by the WT-water mice was 1.3±0.4
(n=10) and the WT-NTBC and the Fahmut-NTBC mice made
2.1±0.7 (n=8) and 2.6±1.3 (n=8) errors, respectively (Fig. 2c).

Tyrosinemia type I mice are less likely to adopt efficient
search strategies

For the four training days and the retention trial, the search
strategies for the three groups of mice were similar, with the
mice quickly adopting the visual/spatial or the more efficient
serial search strategy to find the target hole. Only the Fahmut

mice did not increase their use of the efficient visual/spatial or
serial search strategies over the four training days (see
Supplementary materials and Supplemental Fig. 2).

The Probe experiment

The day after the retention test we performed a probe test,
where we moved the location of the target hole by about 90°,
either five or six holes to the left, to study how the mouse
responds when it returns to the learned target location and no
longer finds the escape box. We measured the primary latency
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to the original target hole, primary latency to the probe hole,
the strategy used to find the original target hole, and then the
strategy used to find the relocated probe hole once the mouse
has realized that the escape box hole is no longer in its ex-
pected location. For the original target hole (Fig. 3a), there
was no difference in the primary latency between all three
groups of mice, F (2, 15) = 0.6332, P= 0.5445, with the
WT-water mice taking 12.9 ± 5.3 s (n =6), the WT-NTBC
mice taking 11.6±7.9 s (n=4) and the Fahmut-NTBC mice
22.7±8.6 s (n=8) to find the target hole. Interestingly, four
mice from each of the WT groups went straight to the vicinity
of the probe hole and bypassed the target hole. These mice
were excluded from the target hole analysis as they all located
and immediately entered the probe hole. This probe hole was
in a new and unlearned location, so we can only assume that
the mice were adopting a serial search strategy and decided to
start at this location and happened to stumble upon the new
location of the probe hole. Alternatively, this experiment
could be confounded by an as yet unrecognized variable or
more likely by experimenter error.

We simplified the search strategy analysis to just three clas-
sifications: visual/spatial, if the mouse travels directly to the
target/probe hole, serial, if the mouse checked two or more
sequential holes before finding the target/probe hole and ran-
dom, if the mouse crossed the center three or more times before
it finds the target/probe hole. In locating the target hole, 100 %
of the WT mice used visual/spatial strategy, 75 % of the WT-
watermice used visual/spatial while 25%of themice used serial
strategy. For the Fahmut-NTBC mice 75 %, used visual/spatial
strategy while 25 % of the mice used random strategy (Fig. 4a).

For the primary latency to find the new probe hole location
both WT mice groups (WT-water andWT-NTBC) were similar
and were four times faster than the Fahmut-NTBC mice, F (2,
23)=9.198, P=0.0012 (Fig. 3b). The mean time to find the
probe hole was 46.5±14.5 s for the WT-water mice (n=10), it
was 29.9±8.0 s (n=8) for the WT-NTBC mice and 120.6
±21.1 s (n=8) for the Fahmut-NTBC mice (Fig. 3b). For the
probe hole we did not assign visual/spatial strategy, as the mice
had not learned the location of this hole so could not possibly
use a visual/spatial strategy to locate it. All of the mice (100 %)
in theWT-water group andWT-NTBC group used a serial strat-
egy (Fig. 4a and b, left panel) to find the location of the new
probe hole. While 62.5 % of the tyrosinemia type I disease
Fahmut-NTBC mice used the serial strategy, the other 37.5 %
used a random strategy (Fig. 4a and b, right panel).

All eight tyrosinemia type I Fahmut-NTBC mice first traveled
to the original location of the target hole, and after spending an
extended period of time confused as to why the escape box was
no longer in that location, proceeded to search and locate the new
probe hole and escape box position (Fig. 4b, right panel). More
than a third of the Fahmut-NTBCmice were visibly confused and
regressed to adopting a random search strategy again (Fig. 4a
and b, right panel). We conclude that mice with tyrosinemia type
I are not cognitively flexible and do not adapt well to change.

One unusual behavior seen in the tyrosinemia type I mice
was their unwillingness to enter the target hole once they had
found it, F (2, 15)=24.09, P<0.0001 (Fig. 4c). Calculating
the percentage of hole entries for each of the six experimental
days (the four training days, retention day, and probe day), the
WT-water mice entered the hole 75.6±5.4 % (n=6) of the
time, the WT-NTBC mice entered 81.9±7.5 % (n=6), while
the Fahmut-NTBC mice entered only 29.8±3.9 % (n=6) of
the time (Fig. 4c). This behavior was evenmore exaggerated if
the probe day is analyzed separately. On probe day, 90 % of
WT-water mice (9 out of 10) entered the hole, 100 % of WT-
NTBC mice (8 out of 8) but only 12.5 % Fahmut-NTBC mice
(1 out of 8) entered the probe hole. WT-water or WT-NTBC
mice entered the escape box quickly upon finding it (Fig. 4d,
left panel). While Fahmut-NTBC mice spend an extended pe-
riod of time at the original target hole (Fig. 4d, right panel)
before regressing into a random search strategy and eventually
finding the probe hole, but these Fahmut-NTBCmice generally
did not enter the escape box (Fig. 4d, right panel).

Fig. 3 Tyrosinemia type I mice take four times longer to find the probe
hole. A. All three groups of mice found the original target hole location
equally well. TheWT-water mice found it in 12.9 ± 5.3 s (n = 6), the WT-
NTBC mice in 11.6 ± 7.9 s (n = 4) and the Fahmut-NTBC mice in 22.7
± 8.6 s (n = 8), with four mice in each of theWT groups finding the probe
hole first, so they were excluded from this data. B. The mean time to the
find the 90° relocated probe hole was 46.5 ± 14.5 s (n = 10) for WT-water
and 29.9 ± 8.0 s (n = 8) forWT-NTBC, but about four times longer for the
Fahmut-NTBCmice who took 120.6 ± 21.1 s (n = 8) compared to the WT-
NTBC mice (P= 0.0013)
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In summary, most parameters measuring visual/spatial
learning and memory as assessed by the Barnes maze, were
initially similar between the three groups of mice, WT-wa-
ter, WT-NTBC, and the tyrosinemia type I diseased mice
(Fahmut-NTBC). However, by the second day of training,
the two groups of WT mice (WT-water and WT-NTBC)
had improved in primary latency, primary distance, and
were making fewer errors in finding the target hole than
the Fahmut-NTBC. After four days of training, and a two
day rest period, all three groups of mice were able to re-
member the location of the target hole and showed similar
skills and proficiencies in finding it. The Fahmut-NTBC
mice were unable to adapt to change in the probe test
(shifted escape box experiment) and regressed back to a
random hole searching pattern. Once the Fahmut-NTBC
mice found the new location of the escape box, they spent
an extended amount of time dancing around the hole and
did not enter, whereas the WT-water mice or the WT-
NTBC mice enter the escape box very quickly.

Discussion

One of the most pressing questions in the tyrosinemia type I
field at themoment is the cause of the cognitive decline, school-
ing, and behavioral problems seen in children (Masurel-Paulet
et al 2008; Bendadi et al 2014). The mechanism behind the
cognitive decline and behavioral issues is currently unknown,
and could be caused by the long term treatment with NTBC, or
it could be a complication of the disease. NTBC certainly in-
creases tyrosine levels in the plasma (Lindstedt et al 1992) and
CSF (Thimm et al 2011), and tyrosine and dopamine levels in
the mouse brain (Harding et al 2014).

Our findings from the Barnes maze study indicate that the
Fahmut-NTBC tyrosinemia mice can learn and adopt a visual/
spatial searching strategy and have no deficits in long-term
memory. However, it takes them longer to learn, they make
more errors, and they do not respond well to a situation of
change where the target hole and escape box are moved. The
Fahmut-NTBC tyrosinemia type I mice also do not enter the

Fig. 4 Tyrosinemia type I mice revert to random searching to find the
moved probe hole and are less likely to enter the escape box. A. We
simplified the strategy analysis to just three classifications: visual/spatial
(white), serial (gray), and random (black). All of the WT-water mice
(100 %) used visual/spatial searching to find the target hole, while 75 %
of the NTBCmice groups used visual/spatial strategy, with the remainder
of the WT-NTBC mice using serial strategy and 25 % of the Fahmut-
NTBC mice using a random search strategy. When searching for the
90° shifted probe hole (P), all mice in the WT groups (WT-water and
WT-NTBC) used the serial strategy, while 33% of the mice in the Fahmut-
NTBC group reverted to random searching. B. On the left, we show a
representative mouse track (red line) of aWT-water mouse using a visual/
spatial search strategy to locate the target hole (T), then quickly adopting a
serial search strategy to find the probe hole (P) and escape box. In the
right panel, we show a representative mouse track (red line) of a Fahmut-
NTBC mouse that spent an extended amount of time at the previously
learned target hole, before adopting a random search strategy to locate the

shifted probe hole (P). C. Mice with tyrosinemia type I are less willing to
enter the escape box. Mouse entries into escape box are plotted as
percentage of total mice per group, per day (n = 6, four training days,
one retention day and one probe day). The WT-water mice entered the
escape box 75.6 ± 5.4 % (n = 10) of the time andWT-NTBC entered 81.9
± 7.5 % (n = 8) of trials but Fahmut-NTBCmice only entered 29.9 ± 3.9 %
(n= 8) of trials (P< 0.0001). D. On the left, we show a representative
mouse track (red line) of a WT-water mouse using a visual/spatial
search strategy to locate the target hole (T), then after a brief erroneous
sojourn to the right, it adopts a serial search strategy to find the probe hole
(P) and immediately enters the escape box. In the right panel, we show a
representative mouse track (red line) of a Fahmut-NTBCmouse that spent
an extended amount of time at the previously learned target hole visibly
distressed that the escape box was not there. The tyrosinemia type I
mouse then randomly searched the maze and eventually found the
shifted probe hole (P), but did not enter the escape box, and even
carried on exploring different holes after it located it
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escape hole upon finding it. This could be due to decreased
interest or motivation, less exploratory behavior, less fear (will-
ing to remain in open), more anxiety, or more fear of the un-
known (what is inside the escape box). In our future experi-
ments we will attempt to reveal the other altered behavioral
characteristics of the tyrosinemia type I condition or NTBC
treatment, using additional maze and behavioral tests such as
open field, elevated zero maze, novel object recognition, the Y-
maze, and the Crawley three-chambered sociability test.

NTBC inhibits the enzyme 4-hydroxyphenylpyruvate
dioxygenase (HPPD), inhibiting the metabolism of tyrosine
at the second step, resulting in hypertyrosinemia. In looking
for a cause for the cognitive, learning and behavioral changes
seen in children (Bendadi et al 2014), we first addressed the
importance of dopamine. We measured about a fourfold in-
crease in homovanillic acid in the urine of both groups of mice
treated with NTBC, over the mice drinking water. This
is proof of concept that NTBC does increase systemic dopa-
mine levels. Although it has been reported that increased
homovanillic acid in the urine can indicate increased dopami-
nergic neuron activity in the central system (Pickar et al 1988),
upon a closer analysis and comprehension of our data, we now
believe that it is more likely that the levels of dopamine and
homovanillic acid in the plasma and urine do not reflect cen-
tral dopaminergic neuron activity at all, and more likely rep-
resent peripheral dopamine synthesis and breakdown (Kopin
et al 1988; Lambert et al 1993).

NTBC has been shown to increase mouse brain dopamine
levels by 30 %, albeit in a PKU mouse model and with a lower
NTBC dose (Harding et al 2014). Therefore, it follows that
NTBC will probably increase brain dopamine levels by at least
30 % in this tyrosinemia type I mouse study. This would suggest
that the behavioral effects observed here are due to the absence of
expression or decrease in functional activity of the FAH enzyme
in the tyrosinemia type I mouse and not NTBC treatment.

After a single oral dose of radioactive NTBC in the rat, the
drug concentration peaks in most tissues in about 2 hr, the
drug distribution in the brain was the lowest of all tissues
measured, being about 20 times less than the liver (Lock
et al 1996). NTBC binds very tightly to HPPD with an IC50

of 40 nM (Ellis et al 1995). The reason for lower concentra-
tions of NTBC found in the brain could be that NTBC is less
permeable across the blood-brain barrier or that there is less
HPPD expression in the brain, resulting in less NTBC bound.
To explain our data we favor the theory that NTBC is poorly
transported into the brain, resulting in insufficient inhibition of
HPPD (Fig. 5). The target enzyme of NTBC, HPPD, is highly
expressed in the brain, specifically in neurons of the cortex,
cerebellum, and hippocampus (Neve et al 2003). FAH is also
expressed in the brain, specifically in the white matter (Labelle
et al 1993). However, there are no published data on the mea-
sured activity of either HPPD or FAH from brain. FAH was
found to be highly expressed in oligodendrocytes (Labelle

et al 1993), the myelin-forming glial cells of the central ner-
vous system which maintain long-term axonal integrity
(Nave 2010). If FAH is functionally present in these oligoden-
drocytes to metabolize tyrosine, then in its absence in
tyrosinemia type I, tyrosine metabolism will proceed through
to the metabolite fumarylacetoacetate and no further.
Fumarylacetoacetate levels would build up and then be con-
verted into succinylacetone, which is a neurotoxin and a po-
tent inhibitor of δ-aminolevulinic acid dehydratase, the rate
limiting enzyme in the heme synthesis pathway (Sassa and
Kappas 1983). Inhibition of this enzyme results in an increase
in CNS concentrations of δ-ALA which has been shown to
inhibit the formation of peripheral myelin (Felitsyn et al
2008). This δ-ALA induced myelination disorder would man-
ifest itself as a peripheral neuropathy and conduction disorder
in the peripheral nervous system (Mitchell et al 1990, Gibbs
et al 1993), while in the central nervous system, this hypo- or
dysmyelination could manifest as a cognitive, behavioral, in-
formation processing or learning disability (Fields 2008).
There are several mechanisms by which oligodendrocyte

Fig. 5 A schematic hypothesis to explain the behavioral changes
observed in tyrosinemia type I. Here we show the possible mechanisms
by which tyrosinemia or NTBC could alter brain biochemistry and
physiology. NTBC inhibits the catabolism of tyrosine, causing
hypertyrosinemia. This high level of tyrosine will compete for transport
into the brain with other large neutral amino acids (LNAA) on the SLC7
family of solute transporters. This will result in decreased uptake of other
amino acids such as PHE, and TRP the precursor of serotonin. This could
increase dopamine concentrations in the brain and also potentially
decrease serotonin synthesis. We propose that NTBC has limited
permeability across the blood-brain barrier, providing insufficient
inhibition of HPPD. Hence, NTBC is less efficient at the treatment of
tyrosinemia type I of the CNS. The resulting tyrosine catabolism will
proceed to fumarylacetoacetate, and be blocked from proceeding further
by the absence of FAH, and diverted to conversion into succinylacetone, a
neurotoxin. Succinylacetone is also a potent inhibitor of δ-ALA
dehydratase, an enzyme involved in the heme biosynthesis pathway.
The levels of δ-ALA, another potent neurotoxin will increase,
damaging oligodendrocytes and neurons, decreasing myelin synthesis
and causing dys/hypo-myelination, resulting in altered cognition,
learning and behavior

680 J Inherit Metab Dis (2016) 39:673–682



dysfunction and dysmyelination could contribute to cognitive
impairment and behavioral differences, including reduced
conduction velocity and conduction blocks, loss of sub milli-
second synchronization of action potentials, altered axonal
sprouting, and axon degeneration. δ-ALA may also cause
damage to serotonergic neurons, which are extremely sensi-
tive to oxidative damage (Nave 2010). The buildup of δ-ALA
from the inhibition of heme biosynthesis can also be problem-
atic as it can mimic GABA and bind to GABA receptors
(Müller and Snyder 1977; Brennan and Cantrill 1979),
resulting in a decrease of GABA receptor density in the
CNS (Adhikari et al 2006).

Conclusion

First and foremost, these data strongly suggest that the differ-
ences we see in mouse behavior in the Barnes maze are due to
tyrosinemia type I and not due to treatment with NTBC.
However, with our current experiments we cannot determine
if NTBC treatment contributes to the cognitive and behavioral
effects observed in tyrosinemia type I, but increased tyrosine
levels per se have no effect on visual/spatial learning and long
term memory in the wild-type mouse. We hypothesize that
NTBC exhibits decreased transport into the brain and does
not effectively treat tyrosinemia type I of the central nervous
system (Fig. 5). This results in insufficient inhibition of HPPD
and production of neurotoxic metabolites that result in a de-
crease in neuronal myelination. The subsequent altered white
matter architecture causes the slower learning and cognitive
and behavioral changes seen in tyrosinemia type I. To test our
hypothesis, our future work will focus on methods to quantify
and study myelin and white matter in the tyrosinemia type I
mouse brain using imaging and biochemical methods. Our
ultimate goal is to correlate white matter levels to cognitive
changes seen in tyrosinemia type I and propose pharmaceuti-
cal interventions to correct it.
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