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In humans, pyruvate dehydrogenase complex (PDC) deficiency impairs brain energy metabolism by reducing the availability of the
functional acetyl-CoA pool. This “hypometabolic defect” results in congenital lactic acidosis and abnormalities of brain morphology and
function, ranging from mild ataxia to profound psychomotor retardation. Our previous study showed reduction in total cell number
and dendritic arbors in the cerebellar Purkinje cells in systemic PDC-deficient mice. Phenylbutyrate has been shown to increase PDC
activity in cultured fibroblasts from PDC-deficient patients. Hence, we investigated the effects of postnatal (days 2-35) phenylbutyrate
administration on the cerebellar Purkinje cell population in PDC-deficient female mice. Histological analyses of different regions of
cerebellar cortex from the brain-specific PDC-deficient saline-injected mice revealed statistically significant reduction in the Purkinje
cell density and increased cell size of the individual Purkinje cell soma compared to control PDC-normal, saline-injected group.
Administration of phenylbutyrate to control mice did not cause significant changes in the Purkinje cell density and cell size in the studied
regions. In contrast, administration of phenylbutyrate variably lessened the ill effects of PDC deficiency on Purkinje cell populations in
different areas of the cerebellum. Our results lend further support for the possible use of phenylbutyrate as a potential treatment for

PDC deficiency.
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INTRODUCTION

The human brain is a highly energy-consuming or-
gan, It accounts for about 2% of body weight in adults,
but in resting conditions, it consumes as much as 20%
of the total oxygen. Maintaining the brain energy ho-
meostasis is a very complex process due to the sensi-
tivity of neurons to metabolic stress and the fact that,
unlike other tissues, glucose serves as the primary oxi-
dizable substrate for the brain (Sokoloff, 1999; Jankow-
ska-Kulawy et al., 2014). Pyruvate dehydrogenase com-

Received 14 February 2020, accepted 8 June 2020

plex (PDC) plays a crucial role in oxidation of glucose
by connecting the glycolytic pathway with the tricar-
boxylic acid cycle (Patel and Roche, 1990). The activity
of PDC in brain structures is several times higher than
in other tissues, ensuring a continuously high level of
acetyl-CoA production (Jankowska-Kulawy et al., 2014).
Phosphorylation of the a subunit of the pyruvate dehy-
drogenase (PDH) component of the PDC by PDH kinases
inactivates this complex whereas dephosphorylation
by PDH phosphatases restores PDC activity (Patel and
Roche, 1990; Hemalatha et al., 1995; Patel and Harris,
1995; Harris et al., 2002; Patel and Korotchkina, 2003).
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In humans, deficiency of PDC resulting from mutations
in the component proteins impairs brain energy me-
tabolism by reducing the availability of the functional
acetyl-CoA pool. Therefore, this “hypometabolic de-
fect” results in congenital lactic acidosis and abnor-
malities of brain morphology and function (Patel et
al., 1992; Matthews et al., 1994; Rubio-Gozalbo et al.,
1999; Triepels et al., 1999; Lissens et al., 2000; Robinson,
2001; 2006). Among various neurological dysfunctions
observed in patients with PDC deficiency, cerebellar
symptoms from mild ataxia to profound psychomotor
retardation often have been reported (Brown et al.,
1994; Cross et al., 1994; De Meirleir, 2013; DeBrosse and
Kerr, 2016).

The cerebellum is usually defined as a key struc-
ture in sensory-motor processing. For higher-level
motor, cognitive and behavioral tasks, the cerebellum
provides modulatory function via loops with senso-
rimotor, association, and limbic regions of the cere-
bral cortex (Voogd and Glickstein, 1998; Middleton and
Strick, 2001; Kelly and Strick, 2003; Schmahmann, 2004;
Schmahmann et al., 2007; Buckner, 2013). Evidence
from affected children (Levisohn et al. 2000), imaging
studies in humans (Grodd et al., 2001; Wildgruber et al.,
2001; Grodd et al., 2005) and clinical reports (Tavano et
al., 2007) provide support for the notion that the cere-
bellum is an essential structure to create and regulate
neuronal connections involved in motor control as well
as in emotion (Leggio and Olivito, 2018; Stoodley and
Schmahmann, 2018).

Purkinje cells (PCs) are a key, GABAergic, inhibitory
neurons, located as the single row between granular
and molecular layer of the cerebellar cortex, charac-
terized by unique fan-shaped dendritic trees extended
into the molecular layer. PCs receive excitatory inputs
from climbing fibers and parallel fibers as well as in-
hibitory inputs from both stellate and basket cells.
On the other hand, the myelinated axons of the PCs
send inhibitory signals to the deep cerebellar nuclei
and certain brainstem nuclei, which control the final
output of the cerebellum (Reeber et al., 2013a; 2013b;
White and Sillitoe, 2013; Leto et al., 2016). The funda-
mental organization of the cerebellar cortex architec-
ture is based on its subdivision into functional trans-
verse zones and parasagittal stripes (Apps and Hawkes,
2009; Jankowski et al., 2011; Leto et al., 2016; Apps et
al., 2018). The cerebellar compartmentation is deter-
mined mainly by intrinsic differences between subsets
of PCs as well as the pattern of afferent and efferent
connections (Leto et al., 2016). Specification of the PC
subtype probably occurs when PCs undergo terminal
mitosis between E10 and E13 (Miale and Sidman, 1961;
Leto et al., 2016) and start migrating to their desti-
nations in the cerebellum of mice (Yuasa et al., 1991;
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Komuro, 2013). Development studies have shown two
distinct PC populations. An ‘early-born’ PC population
predominantly born in the posterior region of ventric-
ular zone migrates to the nascent PC plate by E14.5.
These cells utilize a tangential migratory pathway. The
second population consisting of the ‘later-born’ PCs
migrates to more laterally located parts of the cere-
bellum than the ‘early-born’ counterparts utilizing
aradial glial scaffold away from ventricular zone. ‘Ear-
ly’- and ‘later-born’ PCs have distinct molecular char-
acteristic (White and Sillitoe, 2013). One of the specific
markers of PC’s molecular heterogeneity is zebrin II
(z11). ‘Early-born’ PCs (E10-E11.5) are destined to be-
come ZII' and ‘later-born cells (E11.5-E13) remain as
ZII". Furthermore, a direct correlation was also found
between PCs birth-timing and their adult zones and
stripes location, suggesting that both molecular het-
erogeneity (e.g., ZII" vs. ZII") and topographic informa-
tion (zone or stripe) are acquired and that colonization
of the final destination places is performed in strict
order (Leto et al., 2016). As a consequence, in the adult
cerebellum, the structures that were formed earlier in
ontogenetic development, for example a vermis, are
located in the middle and the structures formed later
(cerebellar hemispheres) are located laterally.

In our previous study we showed a reduction in PCs
density in adult (P-35) PDC-deficient female mice (with
systemic PDC deficiency) in different cerebellar folia
(Pliss et al., 2013). Moreover, PCs from PDC-deficient
females demonstrated fewer and shorter dendritic
processes with the fewer branches compared to PCs in
cerebellar sections from age-matched control females.
These findings clearly indicated an impairment in the
PC dendritic arbor development in the PDC-deficient
mice (Pliss et al., 2013).

Therapeutic strategies for the PDC deficiency are
limited and are generally not very effective in im-
proving neurological symptoms and clinical outcomes.
The most widely used treatment has been starting
a high-fat, ketogenic diet postnatally as early as pos-
sible after confirming the diagnosis of PDC deficiency.
The rationale for this dietary treatment is to provide
ketone bodies as an alternate fuel for brain metabolism
in the fed state and also to curtail lactate production
from glucose metabolism. The metabolism of ketone
bodies to acetyl-CoA in the mitochondria bypasses the
PDC reaction. Another commonly employed treatment
for PDC deficiency is supplementation of pharmaco-
logical doses of thiamine for a possible increase in the
availability of thiamine pyrophosphate as a cofactor for
PDH. Thiamine therapy has been shown to be effective
in only a very few ‘thiamine-responsive” PDC-deficient
patients with mutations in the PDHAI gene altering its
Km for thiamine pyrophosphate. The less preferred
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option for treatment is administration of dichloroace-
tate, a known inhibitor of PDH kinases. A fraction of the
residual PDC protein in PDC-deficient patients is sub-
ject to phosphorylation/inactivation, further reducing
the PDC function. Dichloroacetate treatment has been
shown to increase PDC activity in cultured human fi-
broblasts and decrease lactate levels in cerebrospinal
fluid from PDC-deficient patients (Shireman et al.,
1984; Naito et al., 1988). However, dichloroacetate, is
not commonly used as an extended treatment option
for PDC deficiency due to its observed neurotoxicity
(Kaufmann et al., 2006).

PDC-deficient patients usually have low but variable
levels of residual PDC activity in all tissues but a por-
tion of it is present as phosphorylated ‘inactive’ PDC.
Phenylbutyrate has recently been shown to inhibit PDH
kinases, resulting in reduction in the phosphorylated
form of PDHa protein (thus increasing PDC activity) in
tissues from normal adult mice injected with this in-
hibitor (Ferriero et al., 2013) and in fibroblasts from
PDC-deficient patients (Ferriero et al., 2013). Phenyl-
butyrate treatment has also been shown to correct the
retinal morphology, locomotor, and biochemical ab-
normalities in the noa™ zebrafish model of PDC de-
ficiency (Brockerhoff et al., 1995; 1998). Phenylbutyr-
ate administration also reduced or prevented systemic
lactic acidosis induced by partial hepatectomy, heart
ischemia, septic shock, and stroke (Preiser et al., 1990;
Ayala et al., 2012). A protective role of phenylbutyrate
was shown during cerebral ischemia (Qi et al., 2004; Sri-
nivasan and Sharma, 2011).

Our earlier study has shown malformation of the
brain structures in developing mouse brain due to
brain-specific PDC deficency (Pliss et al., 2004). In an-
other study from our laboratory there was a depletion
of the PCs in the cerebellum of systemic PDC-deficient
female mice (Pliss et al., 2013). On the basis of these
observations, we investigated the effect of phenylbu-
tyrate administration during the immediate postnatal
period on the development and maturation of the cer-
ebellar PC population (density and size) in PDC-defi-
cient mice.

METHODS

Generation of brain-specific PDH-deficient
(aka PDC-deficient) female mice

A mouse line carrying two loxP sites inserted into
introns surrounding exon 8 of the X-linked Pdha1l gene
(Pdha1™) was reported previously (Johnson et al.,,
2001). This mouse line had a 129] genetic background.
In our previous study we bred females (genetic back-
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ground 129], Pdha1*¢/Pdha1) with nestin-Cre trans-
genic males (genetic background C57BL/6], Nestin-Cre)
from The Jackson Laboratory (Pliss et al., 2004; 2007).
In these previously reported studies, the PDC-deficient
female progeny of this breeding had a mixed genetic
background (129]/B6). To overcome the possible contri-
bution of this mixed genotype on the phenotype of the
brain-specific PDC-deficient female progeny reported
previously, floxed females (genotype 129], Pdhaif>¢/
Pdha1™¢) were back-crossed for 10 generations with
wild-type males (B6 genetic background). The progeny
of the last breeding was intra-bred to derive a floxed
colony (termed as ‘Bé-transferred’) with B6 genetic
background.

In the present study, to generate brain-specific
PDC-deficient female mice, the floxed females from this
Bé-transferred colony were bred with the transgenic
males {B6Cg[SJL]-TgN[NesCre]1KIn}(Cre®) harboring
a Cre transgene driven by the nestin promoter. To gen-
erate control, PDC normal mice, wild-type B6 females
(Pdha1*t/Pdha1™) were bred with transgenic nestin-Cre
B6 males. Only Cre-positive females of this breeding
were used as control. Both control and PDC-deficient
female progenies were injected intraperitoneally with
either sterile saline or phenylbutyrate (250 mg/kg body
weight, Sigma-Aldrich) in sterile saline (Ferriero et al.,
2013) once a day starting from postnatal day 2 to day 35
creating four treatment groups: control mice injected
with saline (CSA), control mice injected with phenylbu-
tyrate (CPB), experimental PDC-deficient mice inject-
ed with saline (ESA), and experimental PDC-deficient
mice injected with phenylbutyrate (EPB). Their body
weights were recorded daily for dose calculation. Prog-
eny was weaned on a rodent chow and water ad libi-
tum on postnatal day 21 but continued to receive their
assigned daily treatment until postnatal day 35. Un-
less otherwise indicated, 35-day-old progeny females
(~18 h after the last injection) were anaesthetized with
ketamine (100 mg/kg) and xylazine (10 mg/kg) and ei-
ther perfused to fix the brain for histological analyses
or decapitated to collect blood and to harvest tissues
(weighed and frozen immediately at -80°C) for bio-
chemical analyses. Animal protocols were approved by
the Institutional Animal Care and Use Committee of the
State University of New York at Buffalo in accordance
with the Guide for the Use and Care of Laboratory Ani-
mals. All animal studies (including breeding, postnatal
care and treatments, euthanization, brain sectioning
and biochemical analyses) were performed at the Uni-
versity at Buffalo, and staining and analyses of fixed
cerebellar sections were performed at the Medical Uni-
versity of Gdansk.

Tail DNA for initial genotyping (around postna-
tal day 10) as well as DNA isolated from collected
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tissues (brain and liver obtained at the time of kill-
ing) were genotyped as per manufacturer’s protocol
(OmniprepTM I, Genotechnology Inc). Genomic DNA
was amplified using a Pdhal and Cre primers as report-
ed previously (Pliss et al., 2004). The presence of three
Pdhal alleles (Pdha1*t, Pdha1®%, and Pdha1*®) and the
Cre transgene was determined by polymerase chain re-
action (PCR) analysis (Pliss et al., 2004).

gRT-PCR analysis

Brain Pdhal mRNA levels in PDC-deficient female
mice were quantified using CFX96 Touch RT-PCR detec-
tion system (Bio-Rad). Total RNA was extracted from
~100 mg of frozen brain tissues using TRIzol Reagent
(Life Technologies) according to the manufacturers’ in-
struction and 1 ug of total RNA was reverse transcribed
into cDNA using an iScript cDNA kit (Bio-Rad). Quan-
titative real time PCR reactions were performed using
appropriately diluted ¢cDNA in triplicate with B-actin
serving as an internal control. Relative quantification
of mRNA levels was analyzed using the 22T method
(Livak and Schmittgen, 2001). To generate a ACT value,
data were normalized to B-actin and AACT values were
obtained by normalizing data to mean ACT values of
the control group. Following were the primers used for
Pdhal and B-actin gene expression.

Pdha1 forward primer: 5’-TGGCAGCACTGTGGAAATTA-3’,
Pdhal reverse primer: 5'-CGCACAAGATATCCATTCCA-3’;

B-actin forward primer; 5’-GCTCTTTTCCAGCCTTCCTT-3’,
B-actin reverse primer: 5'-CTTCTGCATCCTGTCAGCAA-3’.

Western-blot analysis

Approximately 100 mg of brain (maintained at -80°C
frozen) from 35-day-old PDC-deficient and control mice
(18 h after the last injection of saline or phenylbutyr-
ate) were homogenized in ice-cold lysis buffer (50 mM
HEPES pH 8.0, 150 mM NacCl, 1 mM sodium orthovana-
date, 30 mM sodium fluoride, 10 mM dichloroacetate,
10 mM sodium pyrophosphate, 10 mM EDTA, 1% Triton
X-100). Protease inhibitor cocktail (5 ul/ml) (Sigma-Al-
drich) and PMSF (1 mM) were added to this lysis buffer
just before use. Brain lysate was extracted by centrifug-
ing at 12000xg, for 15 min at 4°C. The supernatants were
stored at -80°C. The protein content of the thawed solu-
bilized tissue lysate was determined using Bio-Rad pro-
tein assay method according to their instruction. For
western-blotting, 25-100 ug of proteins were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose membrane and
immunodetected by Enhanced Chemiluminescence kit
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(Perkin-Elmer) and analyzed using Bio-Rad ChemiDOC
MP image analyzer. Following antibodies were used for
Western blot analyses: anti-human PDH antibody (Pliss
et al., 2013) (cross reacting with rodent PDH) to detect
the a subunit of the PDH component of PDC; anti-phos-
pho-human PDHE1-A type 1 (phosphor-Ser293) (EMD
Millipore) (cross reacting with rodent PDH) to detect
phosphoEla; and human B-actin monoclonal antibody
(D6A8) (Cell Signaling Technology) to detect B-actin
used as loading control.

Morphological and stereological analyses

Four different groups of 35-day-old mice (as de-
scribed above) were investigated: CSA (n=8), CPB
(n=10), ESA (n=8) and EPB (n=5). Approximately eigh-
teen h after the last phenylbutyrate or saline injection
mice were anaesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg) and then perfused with 4%
paraformaldehyde in the 0.1 M phosphate buffer saline
at 4°C. Next, brains were removed, post-fixed for 2 h
in the perfusing solution and then cryoprotected in
15% and 30% sucrose, respectively, for 24 h at 4°C each.
Brains were cut into 40 um thick coronal sections on
a cryostat (Jung CM1800, Leica, Germany) and stored at
-20° C for further processing.

Three sections were taken from each of the six re-
gions of interest based on the Paxinos and Franklin
stereotaxic atlas (Paxinos and Franklin, 2013). These
sections were stained with cresyl violet, dried and cov-
er-slipped. The delineation of subdivisions of the cere-
bellum were prepared using the subdivisions of vermis
proposed by Apps and Hawkes (2009) and for cerebellar
hemispheres by Paxinos and Franklin (2013). In order
to estimate the quantitative changes of PCs in the cere-
bellar cortex, we subdivided the vermis into four zones:
anterior zone (AZ contained lobules I-V); the central
zone (CZ; lobules VI and VII); the posterior zone (PZ;
lobule VIII and dorsal part lobule IX) and the nodular
zone (NZ; ventral part lobule IX and lobule X) (Fig. 1).
Cerebellar hemispheres were subdivided into: Crusi,
Crus2, simple lobule, paramedian lobule (Fig. 1). We es-
timated: the number of profiles per millimeter of the
PCs layer (N,) and the mean area of profiles.

N (prof) _ number of profiles
L(lenght) —

Ny (prof /line) = lenght oflayer

PCs were quantified using the images obtained from
AxioScan.Z1 system (Zeiss, Germany) using the Zeiss
Zen 2.3 (Blue Edition) Software. The image analysis
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Fig. 1. Schematic diagram showing the subdivision of the cerebellum used
in this study.

program Zen 2.3 (Blue Edition; Zeiss, Germany) - for
light microscope image reconstruction was used. The
recognition of the regions of interest was achieved at
4x lens and the profiles of cells were measured at 40x.
The results were estimated from randomly distributed
test areas covering the whole area of the studied brain
region. Thirty to fifty test areas and 100-200 counted
cells per region were taken from each animal.

Statistical analysis was carried out using GraphPad
Prism version 8.00 for Mac, (GraphPad Software; www.
graphpad.com). All data are presented as mean * stan-
dard error. Unless otherwise indicated, groups of data
were compared using ANOVA or MANOVA Fisher test
followed by Tukey’s multiple comparisons. Values of
p<0.05 or lower were considered as significant.

RESULTS
Genotyping

The genotype analyses using tail DNA from con-
trol (CSA and CPB) and experimental PDC-deficient
(ESA and EPB) female pups on postnatal day 10 veri-
fied the presence of Pdhai*t and Cre’ alleles and Pdha1*/
Pdhai™* and Cre*, respectively. In brain samples col-
lected at the time of killing and frozen immediate-
ly at -80°C for biochemical analyses, we observed the
presence of Pdhal™ and Cre’ in the CSA and CPB mice
and Pdhai1*'/Pdhai1**® and Cre* in the ESA and EPB female
mice (results not shown). These findings are similar to
previously reported findings for control and PDC-de-
ficient females from our lab (Pliss et al., 2004; 2013).
Brain-specific deletion of the Pdha1f*¢-allele was sup-
ported by the absence of deletion of the Pdha1fex¢-allele
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in livers from ESA and EPB mice (results not shown).
This finding is also similar to that reported previously
for the brain-specific PDC-deficient female mice (Pliss
et al., 2004).

Body and brain weight analysis

In the present study, female mice were divided into
four treatment groups starting on the postnatal day 2
and their brains were collected on postnatal day 35.
PDC-deficient female mice (ESA and EPB) grew at a nor-
mal rate during the first 15 days after birth but there-
after their growth nearly ceased (Fig. 2A). By postna-
tal 35, this group of mice weighed approximately 50%
less compared to age-matched controls (CSA and CPB).
On postnatal day 35, the body weight of the saline-in-
jected control group (CSA; n=8) was 14.120.3 g and that
of phenylbutyrate-injected control group (CPB; n=10)
was 13.7+0.3 g (statistically non-significant difference).
The body weights of the saline-injected experimental
(PDC-deficient) group (ESA; n=8) (7.4:0.7 g; p<0.001)
and the phenylbutyrate-injected experimental group
(EPB; n=5) (8.4%#0.5 g) were also significantly lower
(p<0.05) compared to the CSA group (Fig. 2A-B). The re-
sults show that daily injection of phenylbutyrate had
no significant effect on body weights of the control and
PDC-deficient mice. We observed no mortality in the
control CSA and CPB groups during the treatment pe-
riod up to 35 days. We did observe modest mortality in
severely PDC-deficient groups (22.2% for ESA and 15.4%
for EPB; p=0.9881 using a Pearson chi-square test). In
our previous studies, there was no mortality and no
growth retardation of female mice (a mixed genetic
background of 129]/B6) with a milder form of PDC de-
ficiency (~20% reduction) (Pliss et al., 2004; 2013). In
the present study, the ‘Bé-transferred’ mouse model
with Bé6 genetic background developed mild to severe
PDC deficiency [a greater degree of deficiency (~50%
reduction in PDHa protein level; see below), growth re-
tardation (Fig. 2A), and modest mortality, representing
a closer phenotype commonly observed in PDC-defi-
cient patients.

Brain weight of PDC-deficient mice (ESA) was signifi-
cantly lower (about 25%; p<0.05) compared to the con-
trol group (CSA) (0.32+0.01 g vs. 0.43£0.01 g, respectively)
(Fig. 2C). There was no statistical difference in the brain
weight between CSA and CPB groups (0.46:0.01 g and
0.430.01 g, respectively). The brain weight of PDC-defi-
cient mice treated with phenylbutyrate (EPB) remained
significantly lower (30%; p<0.05) than of the CSA mice
(0.3040.02 g vs. 0.46%0.01 g, respectively) (Fig. 2C). Addi-
tionally, there were no significant changes in the brain
weight between ESA and EPB groups.
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Fig. 2. Body and brain weights of control and PDC-deficient experimental female mice during the immediate postnatal life. Both control and PDC-deficient
pups were injected intraperitoneally with either sterile saline (SA) or phenylbutyrate (PB) (250 mg/kg body weight) in sterile saline once a day starting
from the postnatal day 2 to day 35, resulting in four treatment groups: CSA, CPB, ESA, and EPB. Mice were weaned on a standard lab chow and water
ad libitum on the postnatal day 21 but continued to receive their assigned daily treatment until postnatal day 35 when they were euthanized to collect
tissues. Growth of mice is shown in A. Significance was evaluated by Friedman test in four treatment groups: CSA (Friedman test = 459.66, N=14, df=33),
CPB (Friedman test = 323.50, N=10, df=33), ESA (Friedman test = 250.94, N=12, df=33), and EPB (Friedman test = 304.50, N=10, df=33). Bar graphs show the
average body (B) (Kruskal-Wallis test H (3, N=49) = 15.40) and brain (C) weights (grams) (Kruskal-Wallis test H (3, N=49) = 37.10) of four groups of 35-day-old
mice. Data are means + S.E. (n=5-10), * represents p<0.05, ** represents p<0.001.

PDHa mRNA and protein levels in brain tissues

There was a significant reduction in the level of
PDHa mRNA in brains of PDC-deficient (ESA) mice
compared to that of the control (CSA) mice (Fig. 3A).
As expected based on heterozygous status of affect-
ed females, there was a significant reduction (about
50%) in the total PDHa protein (E1) level in brains of
PDC-deficient (ESA) mice compared to control (CSA)

mice (Fig. 3B). However, phenylbutyrate injection had
no effect on the levels of either the total PDHa pro-
tein (E1) (results not shown) or phosphorylated PDHa
protein (PE1) in brains from both the groups of mice
(Fig. 3C-D), indicating that this treatment had no sig-
nificant effect on reducing the levels of phospho-PDHa
protein (PE1) in the brains. This treatment, however,
did decrease the levels of phospho-PDHa protein in
liver homogenates (results not shown), indicating that
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Fig. 3. PdhaT mRNA and PDH protein analyses in brains from 35-day-old control and PDC-deficient mice. Both the groups of mice received either saline or
phenylbutyrate treatments from day 2 to 35, resulting in four treatment groups: CSA, CPB, ESA, and EPB. (A) Total RNA was extracted from brain and mRNA
levels were quantified by qRT-PCR with B-actin mRNA used as an internal control. Individual samples were run in triplicate and results are expressed as
means + SE (n=6-8/group; *p<0.05 using Student's t test as explained below). For western blot analysis, brain homogenates were prepared and separated
proteins were detected with either E1a antibody or phosphoE1a antibody, and B-actin antibody served as loading control. (B) Comparison of E1a (total)
protein levels between the saline-injected control (CSA) and PDC-deficient (ESA) mice and (C) comparison of phosphoE1a (PE1a) protein levels between
the CSA and CPB, and (D) between ESA and EPB mice. The results of samples from two groups of mice (as identified in figures above) performed either in
the same gRT-PCR amplification or western blot gel were directly compared using Student’s t test. Results are normalized with B-actin and expressed as
means + SE (n=6, * represents p<0.05).
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the treatment was effective in the liver but not in the
brain. In this experiment, mice were killed about 18 h
after their last injection, hence it is possible that the
effect might have been worn out in the brain.

Morphological analyses
Cerebellar vermis

In this study to estimate the changes in the popula-
tion of the PCs we quantified their numbers (density)
per millimeter of Purkinje cell layer (N,). The two-way
ANOVA combined analysis of four zones of the vermis
(anterior zone, central zone, posterior zone and nodu-
lar zone; Figs 4, 5A) showed an overall significant de-
crease in the density of PCs in the experimental ani-
mals compared to control (F=83.96, p<0.0001). We also
found significant increase in the PC density in the ex-
perimental group of mice treated with phenylbutyr-
ate (EPB) (F=14.69, p<0.0001) compare to control one,
Specifically, significant increase of density of PCs in
EPB animals was observed in the anterior zone of the
cerebellum (p=0.0001) (Fig. 5A). In contrast, there was
no significant difference in the number of PCs between
two control groups (saline injection - CSA and phenyl-
butyrate injection - CPB) (p=0.314).

The analyses of four zones of the vermis (anterior
zone, central zone, posterior zone and nodular zone)
showed an overall significant increase of the average
cell size (cross-sectional area) of the PCs in the both
groups of the experimental animals (ESA and EPB) com-
pared to the control CSA and CPB groups. (p<0.0001)
(Fig. 5B). This increase reached statistically significant
levels in the anterior and posterior zones but not in
the nodular zone of the vermis. However, a significant
decrease of the PC size of the anterior and posterior
zones was found in the EPB compared to ESA (p<0.0001)
(Fig. 5B), thus demonstrating the reduction of the aver-
age PC soma size by PB. In contrast, the phenylbutyrate
treatment had no effect on the PC size in control mice
(CSA vs. CPB; p=0.8573).

Anterior zone

In the saline-injected experimental PDC-deficient
(ESA) mice, the number (density) of PCs per millime-
ter of Purkinje cell layer (N,) was markedly decreased
(~38%) in comparison to the brains of the control sa-
line-injected (CSA) group (51.1#2.6 vs. 82.3%3.3, respec-
tively; p<0.0001) (Fig. 5A). In the PDC-deficient mice
treated with phenylbutyrate (EPB), there was no signifi-
cant difference in the number of neurons (71.6+4.8) com-
pared to the CSA group (82.3#3.3) suggesting a reversal
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of the genetic effect. Interestingly, the cell size of PCs
in the ESA group increased significantly (~50%) com-
pared to the CSA group (281#4.3 um? and 187.5%2.2 um?,
respectively) (Fig. 5B; p<0.001). Between the ESA and
EPB groups, there was a significant decrease (~26%) in
the cell size of PCs in the EPB group (281+4.3 um? and
222.7#3.5 um?, respectively; p<0.0001) (Fig. 5B).

Posterior zone

In the ESA group the number (density) of PCs per
millimeter of Purkinje cell layer (N;) was reduced
(~28%) in comparison to the CSA group (40£3.9 vs.
55.7%5.1, respectively; p<0.0001) (Fig. 5A). A significant
increase (~32%) in the number of PCs per millimeter
of Purkinje cell layer in the EPB group was observed
compared to the ESA group (58.8+7.3 vs. 40%3.9, re-
spectively; p<0.05) (Fig. 5A). Consequently, in the EPB
group, the number of PCs (58.8+7.3) normalized to the
level of the CSA group (55.7¢5.1) (Fig. 5A). The cell size
of PCs increased (+36.6%) in the ESA group in compari-
son to the CSA group (251.1£3.8 ym? and 185.2+2.3 um?,
respectively p<0.0001) (Fig. 5B). A significant de-
crease (~25%) was found in the EPB group compared
to the ESA group (200.2+3.6 um? vs. 2513.8 um?, re-
spectively; p<0.001). In the EPB group the size of PCs
was still significantly different than in the CSA group
(200.2£3.6 um? vs. 185.2+2.3 um?, respectively; p<0.0001
(Fig. 5B).

Central zone

In the ESA group, the density of PCs was decreased
(~27%) in comparison to the CSA group (52.6%3.6 vs.
72%5.2; p<0.0001) (Fig. 5A). The phenylbutyrate treat-
ment had no effect on either the control or experimen-
tal mice. The difference (~20%) in the number of PCs
between the EPB (43.5¢4.4) and the ESA group (52.6%3.6)
did not reach the statistical significance (p=0.97). The
PC numbers in the EPB group (43.5¢4.4) remained sig-
nificantly lower (~40%; p<0.0001) than in the CSA group
(72#5.2). The cell morphometric analysis of the same
Nissl-stained sections showed that the size of PCs was
significantly increased in the ESA compared to the CSA
group (214.5¢3.2 um? and 178.0¢3.7 pum?, respectively;
p<0.0001) (Fig. 5B). Additionally, phenylbutyrate had no
effect on the average size of PCs in the central zone
[the CSA vs. CBP (p=0.953) and the ESA vs. ESB groups
(p=0.998)] (Fig. 5B).

Nodular zone

In the ESA group, the average density of PCs per
millimeter of Purkinje cell layer (N,) was markedly re-
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duced (-53%) compared to the CSA group (36.2¢1.9 vs.  ly; p<0.0001) (Fig. 5A). The average cell size of PCs in
83%9.1, respectively; p<0.0001) (Fig. 5A). However, there  the ESA group was significantly larger (~30%; p<0.0001)
was no significant effect of phenylbutyrate adminis- than in the CSA group (233.3£6 um? and 183.6+3.2 um?,
tration in the control and PDC-deficient mice. The PC  respectively) (Fig. 6). The average cell size of the PCs
density in the EPB group remained lower (-55%) com-  were not affected by the phenylbutyrate treatment in
pared to the CSA group (37.3%7.4 vs. 83%9.1, respective-  either the control or the deficient mice (Fig. 5B).

Fig. 4. Cresyl-violet (Nissl) staining photomicrographs (shown in black) of Purkinje cells (arrows). The figure shows the differences in the number (density)
(left side) and cross-sectional area (cell size) (right side) of Purkinje cells between the control saline-injected (CSA) group and saline-injected PDC-deficient
mice (ESA) with comparison to the PDC (EPB) and control (CPB) animals treated with phenylbutyrate in the anterior zone of the cerebellar vermis (scale
bare =25 pm).
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Fig. 5. The average density (number) (A) and the average cross-sectional area (cell size) (B) of Purkinje cells in the cerebellar vermis. (A) Significance was
evaluated by Fisher test: the bar graph shows the data in control (left side) (MANOVA Fisher test F=83.96, df=1, ANOVA Fisher test F=8.75, df=3) and
experimental groups (right side) (MANOVA Fisher test F=14.69, df=1, ANOVA Fisher test F=7.77, df=3). (B) Significance was evaluated by Fisher test: the
bar graph shows the data in control (left side) (MANOVA Fisher test F=695.05, df=1, ANOVA Fisher test F=2.17, df=3) and experimental groups (right side)
(MANOVA Fisher test F=102.64, df=1, ANOVA Fisher test F=46.02, df=3). Data are means + S.E., * represents a significant difference between the animals
treated with phenylbutyrate and non-treated in studied regions. Totally 1363 randomly chosen test areas were analyzed.
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The cerebellar hemispheres

Two-way ANOVA analyses showed an overall sta-
tistically significant difference in the density (cell
number) of PCs in the cerebellar hemispheres caused
by PDC deficiency (for the factor experimental/con-
trol F=294.28, p<0.0001), an overall effect of the phen-
ylbutyrate treatment (for drug/saline factor F=43.37,
p<0.0001). However, we found no interaction between
the phenylbutyrate effect and the PDC deficiency con-
dition (F=0.88, p=0.3490). Thus, the effect of phenylbu-
tyrate was similar both in the PDC-normal, control and
the PDC-deficient, experimental, mice (Fig. 6A). There
was a significant difference in the number of PCs be-
tween the two control groups (CSA and CPB) (p<0.026)
(Fig. 6A).

The two-way ANOVA analysis showed an over-
all statistically significant difference in the cell size
(cross-sectional area) of neurons between PDC-normal
and PDC-deficient mice (for the factor experimental/
control F=160.56, p<0.0001), and the overall signifi-
cant effect of phenylbutyrate (for drug/no drug factor
F=305.32, p<0.0001). There was a significant interac-
tion of the two factors mentioned (F=53.07, p<0.0001)
(Fig. 6B), thus the effect of phenylbutyrate was differ-
ent in control, PDC-normal, and experimental (PDC-de-
ficient) mice. The two-way ANOVA analysis of four
zones of the hemispheres (paramedian lobule, Crusi,
Crus2 and simple lobule) showed a significant increase
of the cell size of the PCs between the experimental
and the control mice (F=160.56, p<0.0001) as well as
its decrease in the phenylbutyrate-treated animals
(F=305.32, p<0.0001) (Fig. 6B). In experimental animals
the phenylbutyrate administration significantly re-
duced the average cell size of PCs in all parts of the
hemisphere (p<0.0001), however, the PC areas in the
EPB mice were still significantly larger compared to
the CSA mice (p<0.0008). Thus, the genotype-related
changes were not fully reversed by phenylbutyrate.

There was significant interaction between the PDC
condition and the phenylbutyrate effect (F=4.54 and
p<0.0001). In both the PDC-deficient mice (EPB) and
the control PDC-normal mice (CPB), phenylbutyrate re-
duced significantly the average PC cell size (p<0.0001)
in all regions of the hemisphere (Fig. 6B).

Paramedian lobule

In the ESA group, the number (density) of PCs
per millimeter of Purkinje cell layer (N,) was signifi-
cantly decreased (~23%) compared to the CSA group
(28.220.8 vs. 36.9%0.9, respectively; p<0.0001) (Fig. 6A).
The number of neurons in the EPB group did not differ
significantly from the CSA group (33.5¢1 and 36.9+0.9,

Phenylbutyrate treatment in PDC deficiency 315

respectively) (Fig. 6A). Significantly, in the EPB group
the number of PCs increased (15.8%) compared to the
ESA group (33.5#1 vs. 28.2#0.8, respectively; p=0.0195)
(Fig. 6A). The cell size (cross-sectional area) of PCs in
the ESA group was significantly larger than in the CSA
group (219.4+4.7 um? and 190.5£3.9 pum?, respectively;
p<0.0001) (Fig. 6B). There was a significant phenylbu-
tyrate-induced decrease in CPB compared to the CSA
group (166.1+3.4 um? and 190.5£3.9 pum?, respectively;
p=0.0002) (Fig. 6B). The cell size of PCs in the EPB group
was similar to that in the CSA group (184.4¢4.5 pm?
and 190.5#3.9 um?). Whereas, a significant decrease
(~19%) in the size of PCs in the EPB group was ob-
served compared to the ESA group (184.4+4.5 um? and
219.4¢4.7 um?, respectively; p<0.0001) (Fig. 6B).

Simple lobule

In the ESA group, the density of PCs per millime-
ter of Purkinje cell layer (N;) was reduced (~31%) com-
pared to the CSA group (30.7£1.2 vs. 44.3#1, respective-
ly; p<0.0001) (Fig. 6A). The PC densities did not differ
significantly between the CSA and CPB groups and also
between the EPB and ESA groups (Fig. 6A). However, the
number of PCs in the EPB mice remained lower than in
the CSA mice (35.6+1 vs. 44.3x1, respectively; p<0.0001)
(Fig. 6A). The size of PCs in the ESA group was signifi-
cantly larger than in the CSA group (240.9#5.2 um? and
201.1¢4.5 um?, respectively; p<0.001) (Fig. 6B). Inter-
estingly, there was a significant decrease in the cell
size (cross-sectional area) of PCs between CSA and CPB
groups (201.1#4.5 um? and 174.4£3.8 um?, respectively;
p<0.0001) and between the EPB and ESA groups (~26%)
(191.1#4.2 um? vs. 240.9+5.2 um?, p<0.0001) (Fig. 6B). The
size of neurons in the EPB group became similar to that
in the CSA group (191.1#4.2 ym?and 201.1#4.5 um?, re-
spectively) (Fig. 6B).

Crus 1

In the ESA mice the density of PCs per millimeter
of Purkinje cell layer was reduced compared to the
CSA group (29.120.8 vs. 45.6%1.2, respectively; p<0.001)
(Fig. 6A). In the EPB mice, ~24% decrease was seen in
the PCs density compared to the CSA group (34.51.1 vs.
45.6+1.2, respectively; p<0.001). A significant increase
(~15.6%) in the EPB was observed relative to the ESA
group (34.5#1.1 vs. 29.1:0.8, respectively; p<0.0014)
(Fig. 6A).

The cell size of PCs increased significantly (~23%) in
the ESA mice compared to the CSA group (222.4£4.5 pm?
and 180.4#4 um?, respectively; p<0.0001) (Fig. 6B). Inter-
estingly, in this region of the cerebellum a significant
(p<0.0001) decrease in cell size of PCs in the CPB group
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Fig. 6. The average density (number) (A) and the average cross-sectional area (cell size) (B) of Purkinje cells in the cerebellar hemisphere. (A) Significance
was evaluated by Fisher test: the bar graph shows the data in control (left side) (MANOVA Fisher test F=294.28, df=1, ANOVA Fisher test F=12.00, df=3) and
experimental groups (right side) (MANOVA Fisher test F=43.37, df=1, ANOVA Fisher test F=47.70, df=3). (B) Significance was evaluated by Fisher test: the
bar graph shows the data in control (left side) (MANOVA Fisher test F=160.56, df=1, ANOVA Fisher test F=7.24, df=3) and experimental groups (right side)
(MANOVA Fisher test F=305.32, df=1, ANOVA Fisher test F=21.80, df=3). Data are means + S.E., * represents a significant difference between the animals
treated with phenylbutyrate and non-treated in studied regions. Totally 838 randomly chosen test areas were analyzed.



Acta Neurobiol Exp 2020, 80: 305-321

was found compared to the CSA mice (162£3.6 pm?
vs. 180.4#4 um?, respectively) (Fig. 6B). In the EPB
mice, the size of the PCs was smaller than in the CSA
group (155.7¢#3.1 um? vs, 180.4x4 um? respectively;
p<0.0001). Treatment of the PDC-deficient mice with
phenylbutyrate reduced significantly the cell size of
PCs (~43%; p<0.0001) (ESA and EPB: 222.4¢4.5 um? and
155.7+3.1 um?, respectively).

Crus 2

In the ESA mice the density of PCs per millimeter
of Purkinje cell layer (N;) was smaller (~27%) com-
pared to the CSA (28.1%0.8 vs. 38.2¢1.2, respectively)
(p<0.0001) (Fig. 6A). There was no significant difference
in the number of PCs between the CSA and CPB con-
trol groups and between the EPB and the ESA groups
(Fig. 6A). A significant decrease (~14%) in the num-
ber of PCs in the EBP group was observed compared
to the CSA group (32.6.t1.2 and 38.2£1.2, respectively;
p=0.0262). In the same Nissl-stained sections the av-
erage cell size of PCs was increased (~30%) in the ESA
mice in comparison to the CSA group (251.5¢5.1 um?
and 193.3#3.7 um?, respectively; p<0.0001) (Fig. 6B). Ad-
ditionally, there was a significant difference in the size
of PCs between CSA and CPB groups (193.3+3.7 um? and
176+3.7 um?, respectively; p<0.0001) (Fig. 6B). The size
of neurons in the EPB group was similar to that seen in
the CSA group (192.5%3.9 um? vs. 193.3%3.7 um?, respec-
tively). A significant decrease (~30%) in the EBP mice
was found compared to the ESA group (192.5+3.9 pm?
and 251.5+5.1 um?, respectively; p<0.0001).

DISCUSSION

Previously published histological analyses of the
brain sections from both the brain-specific and system-
ic-specific murine models of PDC-deficiency revealed
brain structural defects such as disordered neuronal
cytoarchitecture in grey matter, disorganization of
fibers in white matter and reduction in the total PCs
number as well as their dendritic arbors in the cerebel-
lum (Pliss et al., 2004; 2013). The results reported in the
present study support and extend the previous find-
ings showing the alterations in both the cell number
and cell size of PCs in different regions of the cerebellar
cortex. In earlier reports, the treatment of phenylbu-
tyrate was tested on PDC-deficient human fibroblasts
and in a PDC-deficient zebra fish model (Brockerhoff
et al., 1998; Ferriero et al., 2013). These studies have
shown that phenylbutyrate increases the PDC activity
in patients’ fibroblasts and reverses the effects of PDC
deficiency in the zebra fish model (Brockerhoff et al.,
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1998; Ferriero et al., 2013). Here we show for the first
time in the mouse model that the postnatal adminis-
tration of phenylbutyrate variably lessened the effects
of PDC deficiency on Purkinje cell numbers and the cell
size in different regions of the cerebellum. This vari-
ability may be related to the different timing of neuro-
genesis as well as the maturation of these cells in the
cerebellum (Yuasa et al., 1991; Komuro, 2013).

In the present study, a Cre recombinase transgene
driven by the nestin-promoter began to express by
E10.5 in precursors of neurons and glia (Graus-Por-
ta et al., 2001). Hence, the deletion of the Pdhal gene
was initiated in the brain from E11-E13 and continued
throughout the remaining fetal period and in the ear-
ly postnatal period (until day 35 in the present study)
during which the brain maturation is nearly complet-
ed. In our study, PDC deficiency reduced the density of
PCs in the investigated regions of the cerebellar cor-
tex. Interestingly, we observed a tendency for differ-
ent degree of the loss of PCs due to its location in the
cerebellum. In the cerebellar vermis the mean cellular
loss was ~37% while in the cerebellar hemispheres it
was ~26%. In the vermis the largest loss of neurons was
observed in the nodular zone (53%) whereas in the an-
terior zone it was ~38%. Reduction of the cell density in
the investigated regions of the cerebellar cortex in the
PDC-deficient mice was accompanied by an increase in
their soma size.

Evidence from cell and animal-based models sug-
gest that the loss of PCs may be the result of abnormal
development and related to early changes in PC phys-
iology. In several disorders (e.g. ataxia, fetal alcohol
syndrome, autism, Niemann-Pick disease, metabolic
disease) (Parvizi et al., 2007; Schmahmann et al., 2007;
Tavano et al., 2007; Reeber et al., 2013; Lawrenson et al.,
2018), pathologic changes in PCs and a substantial loss
of these neurons resulted in cerebellar atrophy and
neurological symptoms.

In the present study a significant decrease in PCs den-
sity was observed in the vermis of cerebellum compared
to the cerebellar hemispheres. The explanation for these
differences could possibly lay in the duration of pro-
longed influence of pathological process on the earlier
developed neurons for ‘older’ part of the cerebellum vs.
the neurons originating later. As mentioned in the intro-
duction, anterior-posterior and medial-lateral PC orga-
nization is established during development and is relat-
ed to the timing of their birth. During development PCs
form more than 50 distinct clusters, each of them with
unique molecular characteristic. Clusters transform to
sagittal stripes as the cerebellum expands along the an-
terior-posterior axis due to granular neuron progenitor
cells proliferation and inward migration of granular
neurons changing the multicellular Purkinje layer into
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a PC monolayer. Furthermore, our earlier colocalization
studies for BrdU and Neun revealed reduced prolifera-
tion and lower rate of differentiation in PDC-deficient
mice in the both granular cells as well as PCs (Pliss et al.,
2013), and this could explain the observed losses of PCs
in the cerebellum in the present study.

The loss of PCs in the cerebellar cortex in the
PDC-deficient mice was accompanied by an increase in
the size of their cell soma. It is documented that the
neuronal soma size is related to the number and size
of the dendrites as well as the axon (Brannstrom et al.,
1992a; 1992b). In the PDC-deficient mice, the increase
in PC soma observed in the present study appears to be
inversely related to their diminished dendritic arbors
shown in our earlier report (Pliss et al., 2013). These
changes may stem from the loss of Purkinje neurons
and development of the adaptive neuronal modifi-
cations. Such adaptive changes as an increase of cell
body size and a decrease of dendritic arborization were
observed after lesion-induced changes in different re-
gions of the brain (Gelfo et al., 2016). It is noteworthy
that these authors also observed differences in PC mor-
phology between vermis and cerebellar hemispheres
(Gelfo et al., 2016).

As stated in the introduction, at present there is no
effective treatment for PDC deficiency. Administration
of high-fat, ketogenic diets, supplementation of high
doses of thiamine (Blass et al., 1970; Wexler et al., 1997;
Rubio-Gozalbo et al., 1999; Jankowska-Kulawy et al.,
2014) and occasional administration of dichloroacetate
(Preiser et al., 1990; Stacpoole et al., 2006) are common-
ly employed. However, none of these methods is fully
effective and does not result in improvements of neu-
rological problems and other clinical outcomes. Recent
reports on human fibroblasts from PDC-deficient pa-
tients (Ferriero et al., 2013) and in a zebra fish model of
PDC deficiency (Brockerhoff et al., 1995; 1998) indicate
that phenylbutyrate may be a treatment option for the
PDC deficiency. Earlier we reported that PDC deficiency
adversely impacted the development of cellular struc-
tures in several different regions of the brain (Pliss et
al. 2004; 2007). Hence, it is likely that administration
of phenylbutyrate could also be effective in lessening
the ill effects of PDC deficiency in other regions of the
brain. This, however, would have to be dealt in any fol-
low-up investigations. Sodium phenylbutyrate is rou-
tinely used to treat genetic defects in the urea cycle
(Roy et al., 2012). Administration of phenylbutyrate to
control mice during early postnatal growth (from post-
natal day 2 to day 35) did not cause significant changes
in the PC density or the cell size in the investigated
areas of cerebellar cortex indicating lack of adverse ef-
fects of phenylbutyrate administration on the develop-
ment of cerebellar PC population.
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Phenylbutyrate treatment variably increased cell
density (up to 47.1%) in the tested cerebellar regions
of the EPB group and thus might diminish the adverse
effect of PDC deficiency. The increased neuronal num-
bers were especially pronounced in the anterior (40%)
as well as posterior (47.1%) zones of the vermis. How-
ever, in some cerebellar regions, e.g. the nodular zone,
phenylbutyrate had no effect on the density of neurons.
These different effects of phenylbutyrate could poten-
tially related to the fact that the cells in this region are
the oldest neurons in the cerebellum, and many might
have died before the phenylbutyrate treatment was
initiated. At the same time the cell size decreased in
phenylbutyrate-treated animals in all studied regions,
however, observed changes were different in specific
areas of the cerebellum. The largest decrease in neu-
ronal size in the phenylbutyrate-treated PDC-deficient
mice (EPB) compared to the non-treated ESA mice were
observed in most of the cerebellar regions, except the
nodular and central zones.

There are reports describing beneficial effects of
phenylbutyrate for several diseases in addition to PDC
deficiency. Therapeutic effect of sodium phenylbutyr-
ate on populations of dopaminergic neurons was de-
scribed by Roy et al. (2012) in both acute and chronic
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
models of Parkinson’s disease. MPTP intoxication
caused approximately 75% loss of the substantia nigra
dopamine neurons compared with the saline-injected
control group. However, in MPTP-injected mice treated
with sodium phenylbutyrate, less reduction in the loss
of numbers of dopaminergic neurons was noted. Fur-
thermore, sodium phenylbutyrate provided protection
against deficits in the levels of dopamine and its two
main metabolites, namely dihydroxyphenylacetic acid
and homovanillic acid, in the striatum region 1 week
after the MPTP injection (Roy et al., 2012). Phenylbu-
tyrate treatment reduced the neuroinflammation in
multiple sclerosis cases (Dasgupta et al., 2003; Iannit-
ti and Palmieri, 2011). Furthermore, administration
of sodium phenylbutyrate decreased the neurologic
symptoms in a mouse model featuring cerebral hypox-
ia-ischemia (Qi et al., 2004; lannitti and Palmieri, 2011).
Whether the protective effects of phenylbutyrate ad-
ministration on the number and size of the cellular
Purkinje cell population improve the cerebellar func-
tion in drug-treated PDC-deficient mice is not known.
If any, it could also depend up on possible protective
influence of phenylbutyrate administration on other
regions of the brain. In reference to metabolic diseas-
es, a recent study using both in vivo and in vitro exper-
iments showed that phenylbutyrate reduced the plas-
ma levels of neurotoxic branched-chain amino acids
and their corresponding a-keto acids in maple syrup
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urine disease patients (Brunetti-Pierri et al., 2011; Ian-
nitti and Palmieri, 2011). Interestingly, phenylbutyrate
was shown to exert a potential anti-tumor effect in vi-
tro causing growth inhibition in several different types
of cancer (Svechnikova et al., 2003; Yokota et al., 2004;
Svechnikov et al., 2008; Iannitti and Palmieri, 2011). It
should be noted that these effects are not mediated via
the PDC/PDH kinases interaction.

It is of interest to note that large deletions in the
PDHA1 gene resulting in the absence of detectable PDHa
protein in cultured fibroblasts were unresponsive to
phenylbutyrate treatment (Ferriero et al., 2014). In
contrast, fibroblasts from PDC-deficient patients with
missense mutations in the PDHA1 gene were responsive
to phenylbutyrate treatment by increasing PDC ac-
tivity (Ferriero et al., 2014). Of the four different PDH
kinase isoenzymes (1 to 4), phenylbutyrate inhibited
isoenzymes 1 to 3 only. This inhibition was exerted
by phenylbutyrate but not by its metabolite (Ferriero
et al., 2015). In the present study, we could not detect
a significant effect of the phenylbutyrate on the levels
of phospho-PDHa (PEla) protein in brains from either
PDC-normal or PDC-deficient mice. This result differs
from that of Ferriero et al. (2013) who observed the
phenylbutyrate-induced reduction in phospho-PDHa
protein in PDC-normal adult mice. There are method-
ological differences (such as age of animals, route of
phenylbutyrate administration, daily split doses, and
tissue preparations) between their report (Ferriero et
al., 2013) and the present study, and these differenc-
es may account for different outcomes. Additionally, it
is possible that the observed effects of phenylbutyrate
in some regions of the cerebellum in the PDC-deficient
mice could be due to other known biochemical effects
of phenylbutyrate, as discussed above. Irrespective of
the mechanism(s) of the phenylbutyrate action on the
cerebellar PC, the results of our study lend further sup-
port for the use of phenylbutyrate as a potential treat-
ment for PDC deficiency.

CONCLUSIONS

PDC deficiency in children causes abnormalities in
brain structure development and cerebral function.
The results presented here show that PDC deficiency in
heterozygous PDC-deficient female mice results in sig-
nificant reduction in the Purkinje cell density and cell
size in different areas of the cerebellum. Daily admin-
istration of phenylbutyrate in the immediate postnatal
period variably reduced impairment in Purkinje cell
populations in different regions of the cerebellum. Our
in vivo findings lend support for a potential use of phen-
ylbutyrate as a novel treatment for PDC deficiency.
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