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Abstract

Pyruvate dehydrogenase (PDH) complex (PDC) deficiency is an inborn error of pyruvate metabolism causing a variety of
neurologic manifestations. Systematic analyses of development of affected brain structures and the cellular processes
responsible for their impairment have not been performed due to the lack of an animal model for PDC deficiency.
METHODS: In the present study we investigated a murine model of systemic PDC deficiency by interrupting the X-linked
Pdha1 gene encoding the a subunit of PDH to study its role on brain development and behavioral studies. RESULTS: Male
embryos died prenatally but heterozygous females were born. PDC activity was reduced in the brain and other tissues in
female progeny compared to age-matched control females. Immunohistochemical analysis of several brain regions showed
that approximately 40% of cells were PDH2. The oxidation of glucose to CO2 and incorporation of glucose-carbon into fatty
acids were reduced in brain slices from 15 day-old PDC-deficient females. Histological analyses showed alterations in several
structures in white and gray matters in 35 day-old PDC-deficient females. Reduction in total cell number and reduced
dendritic arbors in Purkinje neurons were observed in PDC-deficient females. Furthermore, cell proliferation, migration and
differentiation into neurons by newly generated cells were reduced in the affected females during pre- and postnatal
periods. PDC-deficient mice had normal locomotor activity in a novel environment but displayed decreased startle
responses to loud noises and there was evidence of abnormal pre-pulse inhibition of the startle reflex. CONCLUSIONS: The
results show that a reduction in glucose metabolism resulting in deficit in energy production and fatty acid biosynthesis
impairs cellular differentiation and brain development in PDC-deficient mice.

Citation: Pliss L, Hausknecht KA, Stachowiak MK, Dlugos CA, Richards JB, et al. (2013) Cerebral Developmental Abnormalities in a Mouse with Systemic Pyruvate
Dehydrogenase Deficiency. PLoS ONE 8(6): e67473. doi:10.1371/journal.pone.0067473
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Introduction

The pyruvate dehydrogenase complex (PDC) plays a pivotal

role in glucose metabolism by converting pyruvate to acetyl-CoA

and linking the glycolytic pathway with the tricarboxylic acid

cycle. Mammalian PDC, a multienzyme mitochondrial complex,

is composed of multiple copies of three catalytic components

[pyruvate dehydrogenase (PDH; a2b2 tetramer), dihydrolipoamide

acetyltransferase and dihydrolipoamide dehydrogenase], a non-

catalytic component dihydrolipoamide dehydrogenase-binding

protein and two regulatory components [pyruvate dehydrogenase

kinases (four isoenzymes) and phosphopyruvate dehydrogenase

phosphatases (two isoenzymes)] [1,2]. Regulation of PDC is

exerted by its reversible phosphorylation (inactivation) and

dephosphorylation (activation) by its specific kinases and phos-

phates, respectively [1,2]. All of the catalytic and regulatory

subunits are encoded by single copies of autosomal genes with the

exception of the a subunit of PDH. In mammals, PDHa is

encoded by two genes: an X-linked allele (PDHA1 in human and

Pdha1 in mouse) that is expressed in somatic cells and an

autosomal, intronless paralogue (PDHA2 in human; Pdha2 in

mouse) that is expressed only in post-meiotic spermatogenic cells

[3,4]. To allow a high rate of aerobic glucose oxidation, adult

mammalian brain maintains a high proportion (,70%) of PDC in

the dephosphorylated (active) form [5]. During the prenatal and

early postnatal periods PDC also plays a central role in lipid

biosynthesis from glucose in the brain [6].

PDC deficiency is one of major genetic disorders of oxidative

metabolism, resulting in congenital lactic acidosis and extremely

heterogeneous clinical manifestations, which are limited largely to

the central nervous system [7–10]. The large majority of all

reported PDC deficiency cases involve defects in the subunit of the

PDH component of the complex [8–14]. More than 371 cases of

PDC deficiency have been reported and more than 80% of these

cases involve defects in PDH [10]. Various congenital cerebral

malformations and neurological dysfunctions have been reported

in affected patients. These may range from mild ataxia to

profound psychomotor retardation and even early postnatal death.

Gross congenital brain malformations have been described in

PDC deficiency cases, such as microcephaly, cerebral atrophy and
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abnormal development of the corpus callosum and pyramids

[7,15–18]. Because of the location of PDHA1 on the X chromo-

some, affected males and females manifest the disease differently.

Male patients usually develop severe systemic lactic acidosis and

neural defects that lead to lethality during early childhood. From

the few reported cases of heterozygous females who carried

mutations in one of their PDHA1 alleles, it appears that the disease

generally tends to be less severe [7,16,19]. The severity of

symptomatology in females can vary tremendously, even when

individuals carry the same mutation. The inter-individual

variability has been attributed to differences in patterns of X

chromosome inactivation between individuals [19,20].

Despite identification of a large number of mutations in the

PDHA1 gene, impairment at the cellular level in affected PDC-

deficient patients remains largely uncharacterized. Previous studies

investigating this metabolic disorder have been limited due to the

lack of availability of a suitable animal model [21]. We have

developed a murine model that carries a mutation in the X-linked

Pdha1 gene, the orthologue of the human PDHA1 gene [22].

Earlier we developed a murine model of PDC deficiency that

expressed PDC deficiency in the brain only (termed as ‘cerebral’

PDC deficiency) [23]. These PDC-deficient female mice devel-

oped brain structural abnormalities somewhat similar to those

observed in female patients with this disorder, including under-

development of white matter structures and gross reduction of

white matter. The ‘systemic’ PDC deficiency model reported here

also develops similar brain structural abnormalities to that

observed in the ‘cerebral’ PDC-deficient murine model [23],

and more importantly it resembles closely to PDC deficiency

observed in female patients developing PDC deficiency during

early embryogenesis and expressing in all tissues. Additionally, in

the present study we have addressed the question of the

developmental origin of brain defects characteristic for systemic

PDC deficiency by monitoring proliferation, migration and

differentiation of neuronal cells during development.

Materials and Methods

Generation of PDC-deficient Mice
The University at Buffalo’s Animal Care Program and

Laboratory Animal Facilities are fully accredited by the Associ-

ation for Assessment and Accreditation of Laboratory Animal

Care (AAALAC) International. The Institutional Animal Care and

Use Committee at the University at Buffalo approved all animal

procedures (protocol # BCH11064N). Generation of a mouse

colony harboring a silent mutation in the Pdha1 gene (two loxP

sites into intron sequences flanking exon 8; referred to as the

Pdha1flox8 allele) was reported earlier [22]. These mice were

maintained on a standard rodent laboratory diet and water ad

libitum. To initiate deletion of exon 8 in vivo in all tissues of the

progeny, homozygous floxed females (genotypes: Pdha1flox8/Pdha1-
flox8) were bred with homozygous males from an EIIa-Cre

transgenic mouse line (genotype: Pdha1wt/Y; Creall+; referred to as

Cre transgenic males) [24] to generate experimental heterozygous

female progeny (referred to as PDC-deficient females with the

genotype: Pdha1wt/PDHa1Dex8, Creall+). The transgenic Creall+

mouse strain was homozygous for an autosomally integrated Cre

transgene under the control of the adenovirus EIIa promoter that

targets expression of Cre recombinase beginning on embryonic

day 1 [24]. To generate control female progeny (referred to as

controls) wild-type males (without carrying a Cre transgene),

purchased from the Jackson Laboratories (Bar Harbor, ME), were

bred with homozygous Pdha1flox8 females. Progeny were nursed by

their natural mothers, weaned onto a standard rodent laboratory

diet and water ad libitum on postnatal day 21. Mice were

anesthetized (ketamine/xylazine, 80 mg and 10 mg/kg body

weight, respectively) and killed at different ages for tissue

harvesting. Samples of brain, liver and skeletal muscle were

rapidly removed, processed according to the protocol described

below. Processed samples were stored frozen until analyzed.

Genotyping
The progeny were tested for the presence or absence of the

three Pdha1 alleles (Pdha1wt, Pdha1flox8, and Pdha1Dex8) and the Cre

transgene by PCR analyses using tail clip DNA samples close to

postnatal day 15 (P15), and reconfirmed using DNA isolated from

central nervous system tissue after tissue harvesting [23]. Genomic

DNA was isolated using the Omni Prep kit (Bio-WORLD, Dublin,

OH) and subjected to genotyping by PCR using specific primer

sets and conditions as previously described [22,23].

PDC Activity Determination
PDC exists as ‘active’ (dephosphorylated form) and ‘inactive’

(phosphorylated form), and its inter-conversion between these two

forms can readily alter the flux through this complex. Hence it is

appropriate to measure both the activities to show that both the

activity levels are decreased in PDC-deficient mice. ‘Active’ and

‘total’ PDC activities were measured as described previously in

thrice freeze-thawed homogenates of brain, liver and skeletal

muscle of mice on embryonic (E) day18 and/or postnatal (P) days

0.5, 15 and 35 [22,23,25]. PDC activity was determined by

production of 14CO2 from [1-14C]pyruvate. For ‘active’ PDC

activity, homogenizing buffer contained dichloroacetate (inhibitor

of PDH kinases) and sodium fluoride (inhibitor of PDH

phosphatases) to preserve the ‘active’ PDC activity. For measure-

ment of ‘total’ PDC activity, purified recombinant PDH

phosphatase 1 was added to freeze-thawed homogenates and

incubated for 30 min to dephosphorylate phospho-PDH [22,23].

PDC activity is expressed as munits/mg protein.

Measurements of Substrate Oxidation and Lipogenesis
Oxidation to 14CO2 and incorporation of the carbon from

radiolabeled glucose or acetate into fatty acids were assessed in

tissue slices from brain at P15 and P35 as previously described

[6,22,23]. Tissue slices were incubated in a sealed flask containing

3 ml of Krebs-Ringer bicarbonate buffer, pH 7.4 containing

10 mM [U-14C]glucose (Amersham Pharmacia Biotech, Piscat-

away, NJ) or 10 mM [1,2-14C]acetate (ICN Biomedicals, Inc.,

Aurora, OH) plus 10 mM unlabeled glucose for 2 h at 37uC. The
trapping of 14CO2 and extraction of lipids were performed as

described previously [6]. The results are expressed as nmol of

radioactive substrate oxidized to 14CO2 or incorporated into fatty

acids per gram of wet tissue weight per h.

Measurements of Plasma Substrates
Blood samples from P35 PDC-deficient and control females

were collected in EDTA coated tubes and plasma L-(+)-lactate was
measured spectrophotometrically [26].

Tissue Preparation and Structural Analyses
Brains of P35 female progeny were fixed by perfusion with 4%

paraformaldehyde in 0.1 M phosphate buffered saline (PBS)

(pH 7.2) as described previously [22,23]. Brains were then

postfixed overnight and subsequently processed in 10%, 20%

and 30% sucrose in 0.1 M PBS and frozen in Cryo-M-Bed

embedding compound (Bright Instrument Company, Huntingdon,

UK). Five sets of coronal 20 mm sections were cut with a
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Vibratome and collected as consecutive pair on gelatin/poly-L-

lysine coated glass slides. One set of sections was stained with 0.2%

Cresyl violet in sodium acetate (pH 4.5) to reveal nuclei of

neuronal and glial cells. Following dehydration and mounting with

Permount, these slides were analyzed with a Zeiss Axiovert 35

microscope. The second set of brain sections was immunostained

with anti-PDHa antibody (mouse monoclonal, MitoSciences,

Eugene, OR). These sections were rinsed with PBS, blocked with

normal goat serum for 30 min, and then incubated with the

primary antibody (dilution 1:100) overnight. After a wash with

PBS, Alexa Fluor 488 secondary antibody (goat-anti-mouse Alexa

Fluor 488, Molecular Probes, Carlsbad, CA) was applied for 2 h.

After a rinse in PBS slides were mounted with Immu-Mount

(Thermo Electron Corporation, Waltham, MA).

Immunolabeling of Cellular Markers
Additional brain sections from P35 females were subjected to

co-staining with 2 to 3 different antibodies in order to reveal the

cell phenotype. The following markers were used: neuronal cell

nuclear marker (NeuN, dilution 1: 500, mouse monoclonal,

Chemicon, Temecula, CA), calretinin, specific for cerebellar

granule cells (1:1000, mouse monoclonal, Chemicon, Temecula,

CA) and calbindin D-28K, specific for cerebellar Purkinje neurons

(1:2000, mouse monoclonal, Sigma-Aldrich Corporation, St.

Louis, MO). Secondary antibodies were goat-anti-rat Alexa Fluor

594 (for BrdU) and goat-anti-mouse Alexa Fluor 488 (for PDHa,
NeuN, calbindin) (Molecular Probes, Invitrogen, Carlsbad, CA).

Quantification of Densities of PDHa+ and PDHa2 Cells
Ten sections from P35 control and PDC-deficient females

(n = 2) were selected at systematic intervals as stated below and

stained with anti-PDHa antibody [27]. Sections were spaced at

120 mm apart and the following brain regions were identified

according to the atlas of Paxinos and Watson [28]. These regions

included the dorsomedial neocortex (1.18 to 20.82 from bregma),

the subventricular zone of III ventricle (0.38 to 22.18 from

bregma), CA1 of the hippocampus (21.22 to22.30 from bregma),

the striatum, (1.18 to 20.82 from bregma) and crus1, the ansiform

and simple lobules of the cerebellum (25.68 to 26.96 from

bregma). Digital images of these brain areas were taken using an

unbiased approach [29,30] from either right or left hemisphere (or

both for hypothalamus) with an AxioImager Zeiss (Zeiss Axiovert

35) microscope. Axioimaget LE Rel. 4.5 Program was used to

calibrate images and a 2500 mm2 square counting grid

(50 mm650 mm) was applied over randomly selected regions of

the dorsomedial neocortex, hypothalamus, hippocampus and

striatum. For the cerebellum, a rectangular grid (100 mm650 mm)

was applied over a randomly selected region containing the

Purkinje neuron layer. Only cells with a visible and in focus

nucleus were counted. The density of PDHa+ and of PDHa2 cells

was determined separately.

BrdU Labeling Experiments in the Prenatal and Postnatal
Periods
To monitor proliferation and differentiation of cells in the

developing brain, two sets of BrdU-labeling experiments were

performed at E14 and at P5. To label the pool of proliferating cells

in fetal brain at the E14 stage and their differentiation into

neurons by the postnatal day 5, bromodeoxyuridine (BrdU;

Sigma-Aldrich Corporation, St. Louis, MO) in PBS was injected

intraperitoneally into pregnant dams (50 mg/kg body weight; 3

times 2 h apart) on gestation day 14 [31]. Dams were allowed to

deliver and nurse their progeny. P5 female progeny brains were

processed as described above and sections were co-immunostained

for BrdU and NeuN [32]. Briefly, brains were embedded in gelatin

and lightly post-fixed overnight. The brains were completely

sectioned at 30 mm in the coronal plane, saving all sections for

stereological counting. To detect the BrdU-labeled cells we used

the protocol for BrdU immunostaining of Bharali et al. [32].

Sections were incubated in 10% normal goat serum for 30 min, in

rat anti-BrdU antibody (1: 50) (Oxford Biotechnology, Oxford,

UK) overnight at 4uC (1:200 in 10% normal goat serum) followed

by goat-anti-rat-Alexa Fluor 488 secondary antibody (1:150 in

10% normal goat serum). Non-immunized normal mouse or rat

IgG was used as an immunohistochemical control.

To label the pool of granule cells proliferating in the external

granule layer in the postnatal period, BrdU was intraperitoneally

injected into P5 control and PDC-deficient female pups [33]. For

the acute labeling study (after a single injection of BrdU at 1 mg/

kg body weight), brains were processed 1 h after injection and used

for immunodetection of Brdu and NeuN as described below. For

the chronic labeling experiments, P5 control and PDC-deficient

females were injected with BrdU (1 mg/kg body weight, 5 times

2 h apart), allowed to survive for 7 additional days (till P12) and

their brains then processed as described above.

BrdU Immunostaining
Consecutive coronal sections from brains of BrdU-injected

animals were immunostained with an antibody against BrdU (rat

monoclonal, Oxford Biotechnology, Oxford, UK) or double

labeled with BrdU plus NeuN (NeuN mouse antibody, Chemicon,

Temucula, CA) using the following protocol. After a rinse with

PBS, slides were incubated in 2 N HCl at 37uC for 30 min

followed by 10 min incubation with 0.1 M boric acid at room

temperature. Normal goat serum was applied for 30 min after a

wash with PBS and then sections were covered with a single or a

mixture of two primary antibodies (BrdU, dilution 1:250, NeuN

1:200) overnight at 4uC. After a wash with PBS, the secondary

antibodies were applied (goat-anti-rat Alexa Fluor 594, (Molecular

Probes, Carlsbad, CA) for BrdU immunostained sections and a

mixture of anti-BrdU antibody and a goat anti-mouse NeuN Alexa

Flour 488 for double immunostained sections for 2 h. Slides were

then incubated with 49,6-diamidino-2-phenylindole dilactate

(DAPI) (0.01 mg/ml, Molecular Probes, Carlsbad, CA), briefly

washed with PBS and mounted with Immu-Mount.

Locomotor Analysis
Locomotor activity was recorded by an infrared motion-sensor

system (Kinder Scientific, San Diego, CA) fitted outside a standard

plastic cage tub (42.5 cm622.5 cm619.25 cm). The tubs used for

locomotor testing did not have shavings in them and clean tubs

were used for each test session. Each locomotor chamber was

located in a sound and light attenuating enclosure. Each enclosure

was equipped with a wall mounted fan that provided masking

noise and was illuminated by an 8 W light bulb (light output

450 lm). This arrangement provided a novel environment for

locomotor testing. Two levels of infrared motion sensors were used

(for recording horizontal and vertical movements. The sensors at

the lower level consist of eight pairs along the long axis and five

pairs along the short axis each spaced 5.5 cm apart and were used

to determine the position of the animal. The sensors at the upper

level were spaced 5.5 cm apart along the short axis and recorded

vertical rearing movements. The activity-monitoring system

monitors each of the beams at a frequency of 0.01 s to determine

whether the beams were interrupted. The interruption of any

beam not interrupted during the previous sample was interpreted

as an activity score. Mice were placed into a novel locomotor test
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chamber for 2 h. Distance traveled and rearing were the

dependent measures. Locomotor activity was tested only once.

Statistical Analysis: Distance traveled and rearing were plotted as

12 10 min epochs and analyzed with a two factor mixed analysis of

variance with group (Control, PDC-deficient) as the between

subject factor and 10-min epoch as the within subject factor.

Pre-pulse Inhibition (PPI) Analysis
Startle reactivity was measured using two chambers (SR-LAB;

San Diego Instruments, San Diego, CA). Each chamber consisted

of a clear non-restrictive Plexiglas cylinder resting on a platform

inside a ventilated box. A high-frequency loudspeaker inside the

chamber produced both a continuous background noise of 68

decibels (dB) and the 120-dB startle pulse. Vibrations of the

Plexiglas cylinder caused by the whole-body startle response of the

animal were transduced into analog signals by a piezoelectric unit

attached to the platform. The PPI test session consisted of startle

trials (pulse-alone), pre-pulse trials (pre-pulse+pulse), and no-

stimulus trials (nostim). The pulse-alone trials consisted of a 40-ms

120-dB pulse of broad-band noise. PPI was measured by pre-

pulse+pulse trials that consisted of a 20- ms noise pre-pulse, 100-

ms delay, followed by a 40-ms 120-dB startle pulse (120-ms onset-

to-onset interval). The acoustic pre-pulse intensities were 4, 8 and

16 dB above the 68-dB background noise (i.e. 72, 76 and 84 dB).

The no stim trials consisted of background noise only. The test

session began and ended with five presentations of the pulse-alone

trial; in between, each acoustic or nostim trial type was presented

10 times in a pseudorandom order. There was an average of 15 s

(range, 12–30 s) between trials. For the drug studies, the mice were

placed into the startle chambers 30 min after each injection, and a

68-dB background noise level was presented for a 10-min

acclimation period and continued throughout the test session.

The level of PPI was calculated as a percentage score for each

acoustic prepulse trial type: % PPI= 100 2{[(startle response for

pre-pulse+pulse)/(startle response for pulse-alone)] 6 100}. The

magnitude of the acoustic startle response was calculated as the

average response to all of the pulse-alone trials, excluding the first

and last blocks of five pulse-alone trials presented. The mice were

tested twice for PPI and the data were averaged across the two test

session.

Statistical Analyses
Results are expressed as means 6 S.D. or S.E.M. of ‘n’

observations as indicated, and were statistically analyzed using

SigmaPlot software (version 5.0, Point Richmond, CA) or with a

two factor mixed analysis of variance with group for behavioral

analysis. Unpaired Student’s t test was applied and a difference at

0.05% (P,0.05) was considered as significant.

Results

Breeding Outcome and Genotyping Analysis
The average litter size was significantly reduced by 33.8% when

floxed females (genotype: Pdha1flox8/Pdha1flox8) were bred with

transgenic males (genotype: Pdha1wt/Y; Creall+) as compared to

breeding with wild-type males that lacked the Cre transgene

(Table 1). No Cre-positive male offspring were born to floxed

females bred with the Cre-transgenic males (Table 1), consistent

with their prenatal death reported in our earlier study [22]. Cre-

positive heterozygous female offspring (PDC-deficient females),

however, were born (n= 49) and used for metabolic and

histological analyses (Table 1). PCR analysis of genomic DNA

from brain, liver, heart and skeletal muscle of Cre-positive (PDC-

deficient) females indicated the deletion of exon8 (400 bp;

Pdha1Dex8; from maternally-derived chromosome X) and wild-type

Pdha1 (700 bp; Pdha1wt; from paternally-derived chromosome X)

alleles and the presence of Cre transgene (240 bp) in these tissues

(Fig. 1A, B). The floxed allele (800 bp; Pdha1flox8) was not detected

in these tissues (Fig. 1B). As expected, both the floxed and wild-

type Pdha1 alleles were detected in the same tissues from Cre-

negative control females, while the deleted allele (400 bp,

Pdha1Dex8) and the Cre transgene (240 bp) were absent in the

tissues from the control progeny.

Body Weights and Plasma Substrate Levels
Body weights of PDC-deficient females of all ages were analyzed

(E18, P0.5, P15 and P35) and did not significantly differ compared

to age-matched control females. The average body weights of the

control and PDC-deficient females were: 1.560.1 g and

1.660.1 g (n = 5) at age P0.5, and 20.560.5 g and 18.660.8 g

(n = 8–13) at age P35, respectively. Brain weights of the PDC-

deficient females were significantly lower compared with that from

control females for ages E18 and P35 [at age E18: 53.162.0 mg,

and 71.167.4 mg (n= 5), respectively, P,0.05; and at age P35:

381617 mg, and 489619 mg (n= 13), respectively, P,0.05].

Plasma lactate levels (2.860.1 and 2.660.4 mM, respectively)

differed between randomly-fed P35 PDC-deficient and control

females.

PDC Activity in Tissues
‘Active’ and ‘total’ PDC activities were assayed in brain

homogenates from control and PDC-deficient females at ages

E18, P0.5, P15 and P35 (Fig. 2). In brain homogenates from PDC-

deficient females at E18, P0.5, P15 and P35, ‘total’ PDC activity

was significantly reduced by about 25–50% (P,0.05) compared to

age-matched control females (Fig. 2). We also measured ‘active’

PDC activity to investigate if cells with reduced levels of ‘total’

PDC in the brain compensated by increasing their percent of

‘active’ non-phosphorylated PDC. In all age groups analyzed

‘active’ PDC was also significantly reduced in brain homogenates

of PDC-deficient females compared to age-matched control

females by about 25–50% (P,0.05) (Fig. 2).

Assays of ‘total’ PDC activity in liver homogenates at P15 and

P35 revealed a decrease (,25%, P,0.05) in PDC-deficient

females compared to age-matched control females. No significant

changes of ‘active’ non-phosphorylated form of PDC were

observed in livers from P15 and P35 PDC-deficient females,

possibly due to very low levels of ‘active’ PDC activity in their

livers (Fig. 2). In homogenates of skeletal muscles analyzed at P15

and P35, both the ‘total’ and ‘active’ PDC activities were reduced

(,25–40%, P,0.05) in PDC-deficient females compared to age-

matched control females (Fig. 2).

Glucose Oxidation and Lipogenesis
To investigate the metabolic effects of reduced PDC activity in

brains of PDC-deficient females at P15 and P35, we incubated

brain slices with [U-14C]glucose or [1, 2-14C]acetate to assess

oxidation of the substrates and their incorporation into fatty acids

(Table 2). When [U-14C]glucose was used as a substrate, both

oxidation and incorporation into fatty acids were significantly

decreased in the brain slices from P15 PDC-deficient females

compared to age-matched control females. As expected, metab-

olism of [1, 2-14C]acetate was similar for brain slices from both

groups of P15 females. At P35, glucose oxidation in the brain slices

was also significantly reduced in PDC-deficient females compared

to age-matched control females. No changes in the incorporation

of [U-14C]glucose-carbon into fatty acids was observed at this age

group, possibly due to the lower rates of cerebral lipid synthesis in
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the post-weaning period [6]. Similar to P15 females, oxidation of

[1, 2-14C]acetate and its incorporation in newly synthesized fatty

acids did not differ significantly between the two groups of P35

females.

Analysis of PDH+ and PDH2 Cells
Incubation of brain sections with a monoclonal antibody against

PDHa resulted in specific labeling of cell cytoplasm but not nuclei

(Fig. 3). Cells that were PDHa positive are referred to as PDH+

cells. In P35 control female brains all cells in all analyzed brain

regions were PDH+. In P35 PDC-deficient females a significant

number of brain cells in sections of cerebral neocortex (Fig. 3a

upper panel, right column) and cerebellar cortex (Fig. 3b lower

panel, right column) were not labeled with PDHa antibody. These

cells were distinguished by the presence of their DAPI labeled

nuclei and are referred to as PDH2 cells. A semiquantitative

approach was used to assess PDH+ and PDH2 cells in P35 control

and PDC-deficient females. As expected, no PDH2 cells were

observed in control brains, while a significant number of PDH2

cells were found in PDH-deficient female brains (ranging from

17.4 to 65.3%, depending on the brain region) (Table 3). PDH2

cells were abundant in striatum, cortex and hippocampus while in

cerebellum they were seen less often (Table 3). The proportion of

PDH2 cells in the total population of cells varied among the brain

regions and was highest in the striatum (65.3%) and lowest in the

hippocampus (32.4%) (Table 3).

Analysis of Brain Structures
Histological analysis was performed using 20 mm frozen brain

sections stained by (i) Nissl staining to reveal nuclei of neuronal

and glial cells, (ii) anti-myelin basic protein to reveal myelinated

structures, and (iii) anti-calbindin antibody to distinguish Purkinje

neurons and their processes. Numerous changes in structures were

found in white and grey matters of PDC-deficient females in

comparison with control females. In sections stained with Cresyl

violet the thickness of the neocortex was decreased in PDC-

deficient females (Fig. 4a right). Occasionally, sites with irregular

cytoarchitecture were observed. In these sites cells in PDC-

deficient females were clustered in groups either radially or

forming a thick horizontal layer and typical six-layered structure of

the neocortex was not observed as in control females. The

hippocampal formation of PDC-deficient females did not exhibit

significant changes in structure (Fig. 4a). Incubation of brain

sections with antibody against myelin basic protein resulted in

specific labeling of white matter structures (Fig. 4b). In P35 PDC-

deficient female brain, the majority of white matter structures were

smaller in size than in age-matched control females. Among

affected structures were the corpus callosum (Fig. 4b), anterior

commissure (pars anterior), lateral olfactory tract, fibers of striatum

Figure 1. Genetic analysis of the Pdha1 locus in control and PDC-deficient female progeny. (A) Depiction of wild-type (Pdha1wt), floxed
(Pdha1flox8), and null (Pdha1Dex8) Pdha1 alleles and the primers (arrows above the allele representations) used for genotypic analysis. (B) Genotypic
analysis of the Pdha1 locus in brain (B), liver (L), heart (H) and skeletal muscle (SM) tissues from a female offspring (genotye: Pdha1Dex8/Pdha1wt; Creall+)
produced from mating a floxed homozygous female with a Cre transgenic male. Upper gel [genotypes: wild-type allele (700 bp), floxed allele
(800 bp), and null allele (400 bp)]. Lower gel: [genotype: Cre transgene (240 bp)]. 2 (minus) Lane: DNA from a wild-type female (700 bp), and+(plus)
Lane: floxed allele (800 bp; upper gel) from a floxed female and null allele (240 bp; lower gel) from a PDC-deficient female included as negative and
positive controls. M: DNA marker.
doi:10.1371/journal.pone.0067473.g001

Table 1. Sex distribution and genotype of progeny of floxed-females bred with wild-type and transgenic males.

Parameter Breeding with wild-type males (n =12)
Breeding with transgenic males
(n=11)

Sex Male Female Male Female

Genotype Creall2 Creall+ Creall2 Creall+ Creall2 Creall+ Creall2 Creall+

# Pups 40 0 41 0 0 0 0 49

# Total 81 49

Average litter 6.860.6a 4.5060.5b

aThe results are means 6 S.D. (n = 11–12).
bP,0.05.
doi:10.1371/journal.pone.0067473.t001
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and reticular thalamic nucleus, cerebellar fissures, and the

pyramids (data not shown). The granule cell layer of cerebellar

cortex (Nissl stained) was reduced in thickness and the density of

granular neurons was decreased as well in PDC-deficient females

(Fig. 4c, right). The density of Purkinje neurons was decreased

(Fig. 4d).

Quantification of Purkinje Neurons
The number of Purkinje neurons in Nissl stained 20 mm thick

cryosections spaced at 350 mm was quantified. Data were acquired

from four different brains (2 control and 2 PDC-deficient females)

in 80 random areas per cerebellum. A 200 mm length of the

Purkinje neuron layer was chosen from different cerebellar folia

and number of Purkinje neurons was quantified using Image Tool

program, version 3.0. The mean number of Purkinje cells/200 mm
for control brains was 9.7560.23, and the number for PDC-

deficient brains was 5.3560.24 cells (P,0.05) (Fig. 5B). In

addition, a frequency chart was constructed to characterize a

range of low and high counts for Purkinje cells in control and

PDC-deficient brains (Fig. 5A). Purkinje cells in a range 4–6 cells/

200 mm were found in increased number in PDC-deficient brains

whereas higher Purkinje cell counts ranging from 9–12 cells/

200 mm were more often seen in increased number in control

brains. These data show a reduction in Purkinje cell density in

PDC-deficient brains.

Differentiation of Purkinje Neurons
Since Purkinje neurons differentiate postnatally from P5 to P17

[34], we examined the structure of the Purkinje neuron dendritic

arbors at four different developmental ages (P5, P7, P10 and P15)

(Fig. 6). Twenty mm thick frozen tissue sections, spaced 200 mm
apart, were cut coronally and immunostained with anti-calbindin

D-28K. Photomicrographs were obtained for the Purkinje neurons

from cerebellar folia VIII. Compared to Purkinje neurons in brain

sections from age-matched control females, Purkinje neurons from

PDC-deficient females showed fewer dendritic processes at P5

(yellow arrows), fewer dendritic branches at P7 (yellow arrows),

and shorter dendritic processes and fewer branches at P10 and

P15. These findings clearly show impairment or delay in dendritic

arbor development in Purkinje neurons from PDC-deficient

females compared to control females (Fig. 6).

Prenatal Cell Proliferation and Differentiation in
Cerebellum
To analyze differentiation of BrdU-labeled cells into neurons

(NeuN+), multiple BrdU injections were performed in 14-day

pregnant dams (50 mg/kg b.w.; 3 times 2 h apart, and dams were

allowed to deliver and nurse their progeny. On P5 female progeny

brains were processed and brain sections were co-immunostained

for BrdU (Fig. 7, upper panel) and NeuU (middle panel). The

precursors of neurons are known to be normally generated at E14

and then gradually differentiate to mature neurons. In P5 PDC-

deficient cerebella, fewer BrdU+ granule neurons were observed

compared to controls. Also, NeuN+ cells were also less abundant in

the cerebella from PDC-deficient females (Fig. 7, middle panel). As

expected, in control females more BrdU+/NeuN+ double-labeled

cells (lower panel) were found indicating that the cells generated at

E14 did differentiate into mature granule neurons. This finding

indicated that the genesis of the neurons was impaired in in PDC-

deficient cerebella.

Postnatal Cell Proliferation and Differentiation in
Cerebellum
To mark a pool of newly generated cells, we injected BrdU

(1 mg/kg b.w., i.p.) [33] into P5 control and PDC-deficient female

progeny. In the acute experiment, BrdU was injected once and

pup brains were processed for the analysis after 1 h. Because BrdU

incorporates into DNA of dividing cells, BrdU-positive cells

(BrdU+) are thought to represent newborn cells. Many strongly

BrdU+-labeled cells in lateral ventricle (Fig. 8a) and cerebellar

cortex (Fig. 8b) were observed in acutely BrdU-injected control

Figure 2. PDC activities in brain, liver and skeletal muscle of
control and PDC-deficient females. PDC activity was measured as
described in the Methods section. PDC activity is expressed as munits/
mg cellular protein. The results are means 6 S.D. for 4–6 animals.
doi:10.1371/journal.pone.0067473.g002

Table 2. Glucose and acetate oxidation to CO2 and glucose-
carbon and acetate-carbon incorporation into fatty acids by
brain slices from of P15 and P35 control and PDC-deficient
females.

Age Substrate Parameter Control PDC-deficient

P15 [U-14C]glucose CO2 formation 627618a 535610b

Lipogenesis 5461 3263b

P15 [1,2-14C]acetate CO2 oxidation 531614 529610

Lipogenesis 7468 6464

P35 [U-14C]glucose CO2 formation 886639 569630b

Lipogenesis 1461 1361

P35 [1,2-14C]acetate CO2 oxidation 617618 585620

Lipogenesis 3063 2763

aData are means (nmol of labeled substrate converted/g tissue/h) 6 S.D. (n = 5–
6).
bP,0.05.
doi:10.1371/journal.pone.0067473.t002
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female brains. Weakly stained cells were also detected in these

areas (Fig. 8 a, b). This latter group of cells might not have

undergone the entire cycle of DNA synthesis within the short

labeling period. In acutely BrdU-injected P5 PDC-deficient female

brains, there was a lower density of strongly stained cells indicating

a reduction in the number of dividing cerebellar cells (Fig. 8). In

the lateral ventricle fewer brightly immunostained cells are seen in

the subventricular zone of PDC-deficient female in comparison to

control female (Fig. 8a). In the cerebellar cortex, there is a

prominent decrease in the density of BrdU+ cells in the external

granular layer in PDC-deficient females as well (Fig. 8b, c). PDC-

deficient female brains were less dense in the cells stained intensely

with BrdU in both germinal zones in comparison to control brains.

In another experiment, we co-immunostained cerebellar sections

with anti-BrdU antibody and anti-NeuN antibody (a marker of

mature neurons). Immunostaining for both BrdU and NeuN were

higher in the sections from P5 control females compared to age-

matched PDC-deficient females (Fig. 8d). As expected, in this

acute study no co-localization of BrdU and NeuN was observed in

brain sections of control and PDC-deficient females (Fig. 8d).

To assess proliferation over a longer period and to evaluate

differentiation of the newly generated cells into mature neurons,

one group of animals was subjected to multiple BrdU injections (5

injections of 1 mg/kg body weight every 2 h) on P5. In this

experiment, pups were left to survive for 7 days after the last

injection. In tissues with a higher rate of cell division a dilution of

BrdU-labeled DNA results and hence the weakly BrdU+ cells likely

represent cells that continued to proliferate after the last injection

Figure 3. Immunodetection of PDHa. PDH (green) was detected using mouse monoclonal antibody (MitoSciences) and nuclear staining with
DAPI (blue) in coronal sections of cerebral cortex (A) and cerebellar cortex (B) from P35 control female (left column) and PDC-deficient female (right
column). Two types of cells are observed in composite to the brain structure of PDC-deficient females, (i) PDH+ cells with strong staining for PDHa
(green) (examples: two cells are identified by white arrows) and (ii) PDH2cells without PDH staining (seen by the presence of their nucleus, stained
with DAPI) (blue) (two cells are identified by yellow arrows. Bar is 100 mm.
doi:10.1371/journal.pone.0067473.g003

Table 3. Number of cells with PDH+ and PDH2 cells in brains of P35 control and PDC-deficient females.

Region Control PDC-deficient

PDH+ PDH2 Both cell types PDH+ PDH2 Both cell types %c

Cortex 7.560.2a 0 7.560.2 3.260.3b 3.060.3b 6.160.4b 49.2

Hippocampus 12.260.6 0 12.260.6 7.760.7b 3.660.4b 11.162.2b 32.4

Hypothalamus 10.260.6 0 10.260.6 6.060.4b 4.460.4b 10.360.4 42.7

Striatum 7.360.3 0 7.360.3 2.660.3b 4.960.4b 7.560.4 65.3

Cerebellum 4.060.2 0 4.060.2 3.060.3b 1.560.2b 4.560.2 33.3

aData are means 6 S.D.
bSignificant difference (P,0.05) between the two groups of animals for a given type of cells examined.
cPDH2 as percent of total cells.
doi:10.1371/journal.pone.0067473.t003
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thus diluting the BrdU-labeled DNA [33]. On the other hand, in

tissues with a lower rate of cell division, a higher level of

incorporated BrdU in DNA would persist. A higher number of

strongly BrdU+ cells were seen in PDC-deficient female cerebellar

section as compared to a control female section. This suggests a

lower proliferation rate in PDC-deficient female brain (Fig. 9a).

When co-immunostained for NeuN, we observed a co-localization

of BrdU and NeuN using a confocal microscope in the sections

obtained 7 days after BrdU treatment (Fig. 9b). This co-

localization was noticeably lower in PDC-deficient female brain

compared to control female brain (Fig. 9b). This suggests a lower

rate of differentiation of newborn cells into mature neurons in the

brain of PDC-deficient females. Thus, the results of both the acute

and chronic BrdU-labeling experiments suggest a lower prolifer-

ation rate in the brain of PDC-deficient females.

Locomotor Analysis
Distance traveled and rearing were plotted as 10 min epochs

and analyzed with a two factor mixed analysis of variance with

group (Control, PDC-deficient) as the between subject factor and

10-min epoch as the within subject factor. There was no effect of

group on either distance traveled or rearing (Fig. 10). There was a

significant effect of Epoch for both rearing (F11, 66= 9.62,

P,0.001) and distance traveled (F11, 66= 30.29, P,0.001). These

results indicate that both groups demonstrated a normal profile for

locomotor activity in a novel environment. Activity levels were

initially high and declined as the animals habituated to the novel

environment.

Startle Magnitude and Pre-pulse Inhibition
Startle magnitude differences were analyzed using a one tailed

between subject T-test. The PDC-deficient mice had a smaller

startle magnitudes than the control group (t = 2.13, p,0.05,

Fig. 11a). All four PDC-deficient animals had smaller startle

magnitudes than the four control animals. Pre pulse inhibition was

analyzed with a two factor mixed analysis of variance with group

(Control, PDC-deficient) as the between subject factor and Pre-

pulse amplitude (4, 8 and 16 dB above the 68-dB background

noise) as the within subject factor. This analysis produced a

significant effect of pre-pulse (F2, 12= 32.15, P,0.001) and a

significant pre-pulse by group interactions (F2, 12= 5.63, P,0.05).

However the source of the interaction is unclear because post-hoc

t-tests found no significant between group differences at any pre-

pulse levels. Examination of the Fig. 11b indicates that the most

likely source of the significant interaction was that the PCA

deficient animals had less pre-pulse inhibition at the 16dB pre-

pulse level.

Discussion

Although PDC deficiency results in malformation of brain

structures and often severe neurological symptoms in PDC-

deficient patients [8,10,11], the mechanisms responsible for

aberrant brain development in affected patients remains largely

uncharacterized. This is due primarily to the lack of availability of

Figure 4. Detection of brain structures in coronal sections of
control female and PDC-deficient female. (A) Cerebral neocortex
(Nissl staining with Cresyl violet). Thickness of the neocortex (double
arrow) is reduced in PDC-deficient female compared to control female.
Fragment of the hippocampal formation (hip) is included for the
orientation. (B) Corpus callossum (double arrow), Myelin Basic Protein
immunostaining was thinner in PDC-deficient female compared to
control female. Fragments of the neocortex (neo) and the hippocampal
formation (hip) are included for the orientation. (C) Cerebellar cortex
(Nissl staining with Cresyl violet) shows fewer Purkinje cells (arrows) and
a thinner granule cell layer (G) in PDC-deficient female brain compared
to control brain. Insets show lower magnification view on cerebellum
and a small rectangle shows the area enlarged for the picture shown.
(D) Cerebellar cortex (Calbindin D-28K immunostaining, monoclonal
antibody) of PDC-deficient female illustrates fewer Purkinje neurons
(arrows) compared with control female. Insets show lower magnifica-
tion view on cerebellum and a small rectangle shows the area enlarged
for the picture. Bar is 150 mm.
doi:10.1371/journal.pone.0067473.g004

Figure 5. Quantitation of number of the Purkinje cell nuclei in
P35 control and PDC-deficient females. (A) Gaussian histogram of
the Purkinje cell nuclei counts. (B) Average counts of the Purkinje cell
nuclei. Twenty sections from 2 brains from each group were analyzed.
Sections were spaced at 350 mm. Area of the Purkinje cell layer was
randomly chosen, its length was 200 mm. Data are means 6 S.D.,
*represents P,0.05.
doi:10.1371/journal.pone.0067473.g005
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an animal model to investigate the effects of PDC deficiency on

brain development and to test treatment options. A zebrafish

model of PDC deficiency (resulting from deletion of dihydrolo-

piamide acetyltransferase activity) was developed to evaluate its

effect on growth and efficacy of a ketogenic dietary treatment [21].

The findings of this study were interesting but were of limited

applicability to human PDC deficiency due to a non-mammalian

species origin of this model. The present study reports an

additional mouse model of ‘systemic’ PDC deficiency presenting

its central nervous system structural pathology that confirms what

has already been reported for a mouse model with ‘cerebral’ PDC-

deficiency [23,35] and also extends the previous study by

demonstrating abnormal cellular proliferation and migration

especially in the cerebellum.

As shown in a previous study [22] and in the present study, no

males with PDC deficiency were born under our breeding scheme

indicating that null mutation in the Pdha1 gene (localized on

chromosome X) is lethal for male embryos. Indeed all reported

male patients with PDC deficiency have a variable level of residual

enzymatic activity ranging from 5–40% in cultured skin fibroblasts

[9,10]. As expected, heterozygous female mice with ‘systemic’

PDC deficiency were born under our breeding protocol.

Surprisingly, compared to the previously reported model of

‘cerebral’ PDC deficiency, where about one half of all female

embryos did not survive in utero [23], there is no indication of

embryonic lethality for female embryos in the present study even

though the deletion of exon 8 was initiated earlier on embryonic

day 1 in the ‘systemic’ PDC deficiency model and despite having a

similar degree of PDC deficiency in the brains from both the

murine models. The reason for this unexpected difference between

two models remains unexplained at present.

Although the deletion of Pdha1 exon 8 was initiated in the

‘systemic’ murine model at an early embryonic stage [24], the

percentages of reduction in PDC activity differed in different

tissues. High variability in the reduction of PDC activity (25–50%)

was also found in different regions of the brain of PDC-deficient

females (Table 3) and also at different ages (Fig. 2). These findings

suggest that mosaic expression of PDC deficiency took place due

to random inactivation of chromosome X harboring Pdha1Dex8.

Immunolabeling of brain sections with anti-PDHa indeed showed

the presence of two types of cells, PDH+ and PDH2 in the brains

of PDC-deficient females (Fig. 3). Cells that expressed PDHa
(PDH+ cells) were supposedly cells where X chromosome with the

defective Pdha1Dex8 allele was inactivated. Cells that did not express

PDHa (PDH2 cells) were the cells where paternal Pdhawt allele was

inactivated. Semi-quantification of PDH+ and PDH2 cells showed

that different brain regions of the affected females had variable

distribution of PDH2 cells. High but variable percentage of

PDH2 cells (from 32.4% to 65.3%; Table 3) is consistent with the

decrease in ‘total’ brain PDC activity ranging from 25 to 50% (in

experimental females at different ages). This may account for

regional and individual differences in inactivation of chromosome

X containing PdhaDex8.

The reason why PDC deficiency has such devastating effects on

the nervous system has not been determined, but is hypothesized

to be due to the reliance of the brain on glucose as the principal

energy source during both the prenatal and postnatal periods.

Fetal rodent brain has low level of PDC activity and it increases

rapidly during the suckling period reaching the adult level soon

Figure 6. Photomicrograph of folia VIII (coronal section) from control and PDC-deficient females at different ages. Cryosections were
immunostained using anti-calbindin D28K mouse monoclonal antibody (Sigma-Aldrich). Purkinje cells from PDC-deficient females at P5 showed
fewer dendritic processes arising from cell body (yellow arrows in right column for P5) compared to age-matched control females. Purkinje cells from
PDC-deficient females at P7 also showed fewer branches on dendrites (yellow arrows in right column for P7) compared to P7 control females. Purkinje
cells from PDC-deficient females at P10 and P15 had shorter dendritic processes with fewer branches compared to controlled females. Bar is 10 mm.
doi:10.1371/journal.pone.0067473.g006
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after weaning to support increased energetic and biosynthetic

needs of the developing brain. [36–39]. Therefore, prenatal and

immediate postnatal periods may represent the most vulnerable

periods for PDC deficiency. The brain is comprised of several

heterogeneous cell types with variable capacities for glucose

metabolism. The glycolytic and oxidative capacities for glucose

metabolism are differentially compartmentalized between astroglia

and neurons which represent two major cell populations in the

brain [40–42]. Astroglia metabolize glucose to lactate via the

glycolytic pathway far in excess of its rate of oxidation in the

mitochondria resulting in lactate release in the extracellular space.

The PDC, in part, appears to be rate limiting step in the oxidation

of pyruvate in astroglia. Neurons, on the other hand, readily

oxidize both glucose and lactate to CO2 with the preference to

oxidize external lactate (released by astroglia) over intracellular

pyruvate and lactate generated from glucose via glycolysis [40–

42]. PDC deficiency should affect both types of cells by reducing

their overall capacity to generate energy from glucose and lactate.

This prediction is supported by a significant reduction in glucose

oxidation to CO2 by brain slices of PDC-deficient females on P15

and P35 (Table 2). Since glucose is the primary fuel for energy

production in the brain, the reduction in glucose oxidation in

PDC-deficient brains during development would cause deficits in

energy production, possibly resulting in impaired cell proliferation

and differentiation, as observed in this study. Furthermore,

developing brain synthesizes largely its lipids de novo from acetyl-

CoA derived from glucose metabolism via the PDC reaction. Our

results on lipogenesis demonstrated that the biosynthesis of fatty

acids from glucose-carbons by brains of P15 PDC-deficient mice

was significantly reduced compared to control females (Table 2).

This finding also supports the observed reduction in the brain

weight of P35 PDC-deficient females. Interestingly, we did not find

increased levels of blood lactate in PDC-deficient female mice.

The reason for such an outcome is not clear. It is possible that the

mild degree of PDC-deficiency (reduction in PDC-activity by

about 25% only) in the mouse model as compared to much severe

PDC deficiency in affected subjects (less than 50% and often 5–

10% of control PDC activity) may account for such an outcome

for the blood lactate levels. It should be noted that the reduction in

PDC activity in all tissues from PDC-deficient female mice is due

Figure 7. Immunostaining for BrdU and NeuN of the cerebella from P5 control and PDC-deficient females. BrdU was injected
intraperitoneally (50 mg/kg body weight; 3 times 2 h apart), into 14-day pregnant dams. They were allowed to deliver pups naturally and nurse them.
On P5 female progeny brain slices were immunolabeled with BrdU (red, upper panel) using rat anti-BrdU antibody (Oxford Biotechnology) and NeuN
(green, middle panel) using mouse monoclonal antibody (Chemicon). Granule cell layer is marked by arrows. Bar is 50 mm.
doi:10.1371/journal.pone.0067473.g007
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Figure 8. BrdU-immunostaining of coronal sections of the brain from P5 control and PDC-deficient females. After a single injection of
BrdU (1 mg/kg body weight) brains were discected 1 h later and coronal sections were immunostained for BrdU and/or NeuN. (A) Lateral ventricle, (B)
Cerebellar cortex, and (C) Magnification of a small block depicted in (B). Bar in a, b, and c is 100 mm. In a separate experiment (D), immunostaining
was performed for BrdU (red) and counterstaining with NeuN (green) of a section of cerebellar cortex. Reduction in immunostaining for both the
markers is seen in sections from PDC-deficient females compared to control females. As expected for an acute study, no co-localization is seen for
BrdU+ cells and NeuN+ cells in both the groups.
doi:10.1371/journal.pone.0067473.g008
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Figure 9. Immunostaining of coronal sections of cerebellar cortex from control females and PDC-deficient females. Pups were
injected chronically with BrdU (1 mg/kg body weight, 5 times 2 h apart) on P5 and killed on P12. (A) This section shows immunostaing for BrdU (red)
and NeuN (green). Images of the stained sections in (B) were taken with Nikon Optiphot BioRad 1024 Confocal Microscope (sequential mode). Fewer
cells with co-localizing BrdU+ and NeuN+ (in yellow) are seen in PDC-deficient females, suggesting less differentiation of neurons in PDC-deficient
females. Bar is 50 mm.
doi:10.1371/journal.pone.0067473.g009

Figure 10. Each mouse was placed into a novel locomotor
chamber and vertical movements (rearing) and horizontal
movements (distance) recorded. PDC-deficient mice and control
mice had equivalent activity levels and normal habituation to the novel
environment. Data are reported as mean 6 SEM (n= 4).
doi:10.1371/journal.pone.0067473.g010

Figure 11. Plot a shows the acoustic startle response. Plot b
shows pre-pulse inhibition of the acoustic startle response as a function
the intensity of the pre-pulse stimulus. Pre-pulse intensity was
measured in decibels (dB). PDC-deficient mice had markedly decreased
startle responses and evidence of impaired pre-pulse inhibition of the
acoustic startle response at the highest pre-pulse stimulus intensity.
Error bars indicate standard error of the mean. Data are reported as
mean 6 SEM (n= 4).
doi:10.1371/journal.pone.0067473.g011
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to mosaic expression of PDC activity (random inactivation of one

of the two X chromosomes).

In the majority of reported cases of PDC deficiency, histo-

pathological evaluation of the brain was not present. In selected

cases of early neonatal morbidity, a common set of malformations

has been identified. The most frequent observation is dilation of

the cerebral ventricles, consistent with atrophy of cortex, and most

pronounced laterally [8,16,17]. Underdevelopment of large white

matter structures such as the corpus callosum, pons and pyramids

have also been well described [11,16–18,43]. Atrophy or neuronal

loss combined with gliosis has been often found in the cortex and

less often in basal ganglia, thalamus, hypothalamus and cerebel-

lum [16–18,43]. A decrease in Purkinje neuron number was

observed in cerebellar cortex [17]. Heterotopias have been found

in all brain regions. Magnetic resonance imaging and post-mortem

human studies have also shown profound decreases in the size of

corpus callossum. Based on clinical findings and brain imaging

data derived from 22 PDC-deficient subjects, Barnerias et al. [18]

identified four different neurological presentations, namely mal-

formations, acute brainstem dysfunction, congenital motor disor-

ders, and relapsing ataxia. Analyses of brains of female mice with

‘‘systemic’ PDC deficiency showed that different brain regions had

different degree of changes. White matter tissue showed a gross

decrease in its size, as was observed in sections labeled with myelin

basic protein (Fig. 4). Observed reduction in the neocortex

thickness in P35 PDC-deficient females is consistent with the data

from human patients where a gross reduction of cortical tissue and

enlargement of lateral ventricles was often found [18]. Neuronal

loss combined with gliosis was observed in PDC-deficient female

mice in the present study. Furthermore, most of the observed

structural abnormalities in the brain of systemic PDC-deficient

mice (Fig. 4) are consistent with the reported pathologies in PDC-

deficient patients. Our mice did not exhibit any basal ganglia

lesions. This could be due to a milder degree of PDC-deficiency in

our female mice. It should be noted that there are differences in

the nature and degree of PDC-deficiency in the mouse model and

affected patients. In our model with PDC-deficiency in heterozy-

gous female mice only, each cell has either normal level of PDC

activity or no activity at all (random inactivation of X chromo-

some). In PDC-deficient patients (both males and females) the

nature of defect often reduces PDC activity (5–50%) but all cells

have the same level of residual activity in male patients and

variable level of residual activity in the cells of female patients.

Furthermore, all our animals were 35-day-old at the time of

pathological analysis whereas the reported PDC-deficient patients

had a varying age from infancy to adolescent. These variations

make direct comparison difficult to interpret.

Two main causes of structural defects of the central nervous

system in PDC deficiency have been suggested: (i) developmental

malformations and (ii) degenerative changes [7,44]. Congenital

developmental malformations have been described for all cases of

PDC deficiency which were examined at autopsy, being remark-

ably less profound in males with early onset of disease [7].

However, destructive neurodegenerative lesions were more often

observed in male patients with the early onset of the disease [44]

suggesting that in males the primary cause may be reduced cell

survival. Prenatal and early imaging in a few cases have suggested

that the onset of these neurologic deficits occurs prenatally,

however, the timing and pathologic progression are essentially

uncharacterized in PDC-deficient patients [7,8,18,45]. Our results

also show that cell proliferation and differentiation are impaired in

PDC-deficient fetuses (Fig. 7) (also see below).

To evaluate the cellular processes responsible for structural

abnormalities, we analyzed BrdU incorporation into brain cells

prenatally (E14) and postnatally (P5) using single injection to study

cell proliferation and multiple injections with survival of the

experimental animals to investigate cell migration and differenti-

ation. The prenatal studies indicated impairment in proliferation

of cells on E14 and their subsequent migration and differentiation

into mature Purkinje neurons on P5 (Fig. 7). Studies with

postnatally injected BrdU were used to address question whether

reduction in cerebellar granule cell volume originated from

changes in proliferation and migration processes. Using acute

BrdU labeling protocol with P5 mice we found reduction in

density of actively proliferating cells. Moreover, the results of

chronic BrdU labeling experiment with P5 mice (and analysis of

their brains at P12) showed increased density of BrdU+ cells in the

layer intermediate between external and internal granule cell

layers. These findings suggest reduced proliferation of granule cells

and their delayed migration during the postnatal period. Taken

together, the results show that both cell proliferation and

differentiation of newly generated precursors into neurons are

reduced in PDC-deficient female mice in both the prenatal and

early postnatal periods.

There was no evidence of gross motor defects in PDC-deficient

mice as measured by locomotor activity in a novel environment.

PDC-deficient mice had markedly decrease acoustic startle reflexes

and demonstrated evidence of impaired PPI. Clear evidence of

deficits in PPI may have been masked by the impaired acoustic

startle reflex of PDC-deficient mice and the small number of mice

tested. The decreased startle response and evidence of impaired

pre-pulse inhibition indicate impaired neurological function in

PDC-deficient mice.

In summary, we have shown that systemic PDC deficiency in

mice causes embryonic lethality for male only. Heterozygous

PDC-deficient females show reductions in (i) brain weight, (ii)

oxidation of glucose to CO2, (iii) de novo synthesis of fatty acids, and

(iv) alterations in many structures of the brain. The results also

show impairment in cell proliferation, migration and differentia-

tion into neurons during the prenatal and postnatal periods,

leading to structural abnormalities in the brain of PDC-deficient

female mice.
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