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Abstract

Iron dyshomeostasis has been implicated in many diseases, including a number of neurological 

conditions. Cytosolic NADH cytochrome b5 oxidoreductase (NCB5OR) is ubiquitously expressed 

in animal tissues and is capable of reducing ferric iron in vitro. We previously reported that global 

gene ablation of NCB5OR resulted in early-onset diabetes and altered iron homeostasis in mice. 

To further investigate the specific effects of NCB5OR deficiency on neural tissue without 

contributions from known phenotypes, we generated a conditional knockout (CKO) mouse that 

lacks NCB5OR only in the cerebellum and midbrain. Assessment of molecular markers in the 

cerebellum of CKO mice revealed changes in pathways associated with cellular and mitochondrial 

iron homeostasis. 59Fe pulse-feeding experiments revealed cerebellum-specific increased or 

decreased uptake of iron by 7 weeks and 16 weeks of age, respectively. Additionally, we 

characterized behavioral changes associated with loss of NCB5OR in the cerebellum and midbrain 

in the context of dietary iron deprivation-evoked generalized iron deficiency. Locomotor activity 

was reduced and complex motor task execution was altered in CKO mice treated with an iron 

deficient diet. A sucrose preference test revealed that the reward response was intact in CKO mice, 

but that iron deficient diet consumption altered sucrose preference in all mice. Detailed gait 

analysis revealed locomotor changes in CKO mice associated with dysfunctional proprioception 

and locomotor activation independent of dietary iron deficiency. Finally, we demonstrate that loss 

of NCB5OR in the cerebellum and midbrain exacerbated harmaline-induced tremor activity. Our 

Address correspondence to: Hao Zhu, Ph.D., Department of Clinical Laboratory Sciences, 3901 Rainbow Blvd., MSN 4048G-Eaton, 
Kansas City, KS 66160, Phone: (913)-588-2989, FAX: (913)-588-5222, hzhu@kumc.edu (H.Z.). 
4Low-Fe is used in lieu of low-iron for figures.

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to report.

HHS Public Access
Author manuscript
Metab Brain Dis. Author manuscript; available in PMC 2018 May 01.

Published in final edited form as:
Metab Brain Dis. 2016 August ; 31(4): 951–964. doi:10.1007/s11011-016-9834-x.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



findings suggest an essential role for NCB5OR in maintaining both iron homeostasis and the 

proper functioning of various locomotor pathways in the mouse cerebellum and midbrain.

INTRODUCTION

Iron deficiency is the most prevalent nutrient deficiency worldwide (1). Iron plays critical 

roles in a myriad of cellular pathways and processes, ranging from metabolism to gene 

transcription. The importance of iron to cellular and systemic processes is evident when 

considering the wide variety of diseases either directly caused by or associated with iron 

dyshomeostasis (2). Maintenance of brain iron homeostasis is relevant to several 

neurological diseases and the importance of iron in neurocognitive development has been 

established (3). Alterations in brain-specific or global iron homeostasis have been directly 

observed or associated with neuropathological diseases like Alzheimer’s disease, 

Parkinson’s disease, and neurodegeneration with brain iron accumulation, as well as 

cognitive disorders including autism spectrum disorders, attention deficit hyperactivity 

disorder, schizophrenia, and many more(4–7). A number of studies have evaluated the 

effects of maternal, neonatal, and adolescent iron deficiency. Whether changes in iron 

content or homeostasis are a means or an ends has yet to be determined, thus pathways and 

processes that alter or contribute to iron homeostasis are critical in understanding the 

underlying etiology and pathology of a number of diseases.

NCB5OR is a highly conserved, ubiquitously expressed oxidoreductase associated with the 

endoplasmic reticulum whose exact function remains unknown (8, 9). Naturally occurring 

polymorphism’s in human NCB5OR have been shown result in increased proteasomal 

degradation (10). Transgenic mice globally deficient in NCB5OR (GKO) have low birth 

weight (beginning at 2 weeks of age), petite skeletal structure/build, impaired lipid storage 

and lipoatrophy, hypermetabolism, mitochondrial dysfunction, and early-onset diabetes from 

necrotic beta cell loss when compared to normal or wild-type (WT) control mice (11–14). 

We recently discovered that global loss of NCB5OR results in mild to moderate anemia, 

significant changes in iron related pathways, and iron deficiency in iron rich tissues such as 

the spleen and liver (15). Further investigation using a radioactive pulse feeding assay 

combined with a non-heme iron assay revealed that the brains of GKO mice uptake 

significantly more circulating 59Fe compared to WT controls, despite showing no apparent 

change in non-heme iron content (see footnote 1).

Changes in iron homeostasis, mitochondrial dysfunction, and diabetes and their correlation 

with neurodegenerative diseases (16) led us to ask what specific effects NCB5OR deficiency 

had on neural tissue. Ataxia with Oculomotor Apraxia (AOA2) and Sideroblastic anemia 

with ataxia have been shown to be related to changes in iron homeostasis in the cerebellum. 

Additionally, Friedreich’s ataxia results in mitochondrial iron dyshomeostasis, dorsal root 

ganglia degeneration, and atrophy of the dentate nuclei without changes in iron content (17). 

Genes associated with these diseases are ubiquitously expressed; however alleles with 

mutations or expansions appear to have adverse effects on specific tissue types, namely 

1Wang WF, et al, NCB5OR deficiency causes anemia, iron dyshomeostasis and increased susceptibility to mitochondrial dysfunction. 
Manuscript in preparation;
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neural tissue. A microarray study surveying changes in gene expression in Bergmann glia 

during the postnatal development of the mouse cerebellum revealed NCB5OR to be one of a 

few that were significantly up-regulated (~120 fold) beginning postnatal day 6 (18). This 

observation coincides with a sequential iron accumulation in chick Bergmann glia beginning 

postnatal day 2 as well as the localization of transferrin binding protein, ferritin, and iron in 

Bergmann glia (19, 20). Loss of iron related genes in the cerebellum has been shown to alter 

locomotion and induce degeneration, ataxia, and developmental issues (21–24). 

Additionally, cognate motor learning and execution of a complex motor task requires proper 

nigrostriatal function as well as efficient processing of proprioceptive input by the 

cerebellum (25). Therefore, we investigated whether loss of NCB5OR in the cerebellum and 

midbrain would result in locomotor deficits and whether dietary iron deficiency would 

reveal or exacerbate any deficits.

MATERIALS AND METHODS

Conditional knock out and reporter mice

All mice were of C57BL/6J background and treated according to the University of Kansas 

Medical Center’s Institutional Animal Care and Use Committee approval protocol. The 

generation of mice with selective deletion of NCB5OR in the mouse cerebellum and 

midbrain (conditional knockout (CKO) mice) was achieved by crossing C57BL/6J mice 

homozygous for a floxed version of NCB5OR’s exon 3 (detailed in Wang et al, see footnote 

2) with En1tm2(cre)Wrst (The Jackson Laboratory stock no. 007916) mice that are known to 

excise floxed DNA regions in only the cerebellum and midbrain (26). To evaluate 

recombination activity, En1 Cre positive mice were crossed with B6.Cg-
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (stock no. 007914, Jackson Laboratory) which 

harbor a TdTomato locus with a loxP-flanked STOP cassette that was removed after Cre-

mediated recombination, resulting in TdTomato expression. Mice carrying no copies of the 

Cre gene were considered as normal or wild-type (WT) and all mice used (CKO and WT) 

were littermates. Evaluation of recombination of NCB5OR was also conducted using qPCR 

and primer sets targeted to exon 3 and exon 4 of NCB5OR transcripts.

TdTomato reporter and confocal microscopy

TdTomato reporter mice underwent transcardial perfusion with 10 mL of PBS solution 

immediately followed by 10 mL of 4% paraformaldehyde. The cerebellum was collected 

and immediately post-fixed with 4% paraformaldehyde at room temperature for 1 hour. 

Tissue was then transferred to 20% sucrose solution and allowed to sit overnight at 4°C for 

cryoprotection. Tissues were then embedded in OCT and 12 μm sections were cut, placed on 

Superfrost Plus slide (Fisher, #12-550-15), and cover slipped. Confocal images of TdTomato 

were taken using a Nikon Eclipse 90i microscope.

2Wang WF, et al, Monogenic NCB5OR diabetes is a result of impaired iron homeostasis and mitochondrial dysfunction in beta-cells. 
Manuscript in preparation;
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Molecular analysis

Quantitative Reverse Transcription PCR (qRT-PCR) was performed on RNA extracted from 

WT and CKO whole mouse cerebellum after the mice had been fasted for 4 hours. Purity of 

isolated RNA was assessed by A260/A280 ratio. Reverse transcription of 1 ug total RNA was 

performed using M-MLV Reverse transcriptase and standard protocol from Life 

Technologies (Cat # 28025-013). The qPCR reaction was performed on an Applied 

Biosystems 7900 Fast Real-Time PCR System using SYBR Green master mix from 

ThermoFisher (Cat. No. 4367659) and all results were normalized to 18S rRNA with the 

ΔΔCt method. Primer sequences are available upon request. Total protein was isolated from 

whole mouse cerebellum using a lysis buffer as previously described (27), with the addition 

of the SigmaFAST protease inhibitor cocktail (s8830). Protein content was determined using 

a DC assay from Bio-Rad, and total protein was diluted with SDS loading buffer containing 

beta-mercaptoethanol and boiled briefly at ~95°C for 5 minutes. Ninety (90) μg of total 

protein per sample underwent gel electrophoresis on a mini-protean TGX gel 4–15% from 

BioRad (Cat. No. 456-1084). Protein was transferred to a nitrocellulose membrane via cold 

transfer at 200 mA for 2 hours while at 4°C. Transfer buffer was composed of 25 mM Tris-

base (pH 8.8), 192 mM glycine, and 20% methanol. All antibodies are against mouse 

antigen: Actin (Sigma, # A1978), APP (Cell Signaling, 2452), ferritin heavy chain/FtH 

(Santa Cruz Biotechnology, sc-14416), and transferrin receptor 1/TfR1 (Invitrogen, 

13-6800). Densitometry was performed using ImageJ software. Percentages represent 

percentage of signal that is attributed to protein band over the background noise (%Protein 

or %FtH). Densitometry signal of each protein is normalized against actin (% Actin).

59Fe uptake

Iron uptake in the cerebellum, spleen, and liver was determined by oral 59Fe ingestion. Mice 

were fasted overnight (14–16 hours) but allowed water ad libitum. Each mouse underwent 

intragastric feeding with a solution containing 10 μCi/mL of 59Fe, 30 μg/mL carrier iron, 

and 1 M ascorbic acid in phosphate-buffered saline as previously described (28). Each 

mouse received 2 μCi 59Fe per 10 grams of body weight. One (1) hour post oral gavage, 

feeding of chow was resumed ad libitum. Approximately 24 hours post-gavage, the brain, 

cerebellum, spleen, and liver were collected. Radioactivity was measured (each in a total 

volume < 1 mL) using a Perkin Elmer 1470 Wizard gamma counter.

Non-heme iron content

Tissue non-heme iron content was measured as previously described (29). Whole cerebellum 

and spleen from mice were dried at 55°C for > 48 hours, ground into powder, weighed, and 

then digested in 200 μL or 1 mL of 10% trichloroacetic acid/10% HCl at 55°C for > 48 

hours, respectively. Samples were then centrifuged at 16,100 rcf for 10 minutes and 100 μL 

of the supernatant collected. Ten (10) μL of supernatant was then mixed well in a clear-

bottom 96-well plate with 190 μL of chromogen solution, allowed to incubate for 10 minutes 

at room temperature, and the absorbance at 535 nm was determined using a Tecan Plate 

Reader. Chromogen solution consisted of 0.01% bathophenanthroline-disulfonic acid, 0.1% 

thioglycolic acid, and 7 M sodium acetate. Iron concentration was determined by a standard 
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curve dilution from an iron standard (Sigma, St. Louis, MO). All measurements were 

performed in duplicates.

Histology and iron staining

Sixteen (16) week old male CKO and WT mice were fasted for 4 hours and then sacrificed. 

Whole blood and cerebellum were collected. The cerebellum was immediately placed in 4% 

paraformaldehyde and allowed to sit at room temperature for 1–2 hours and then placed at 

4°C overnight. The paraformaldehyde was then replaced with 70% ethanol and the 

cerebellum was stored at 4°C until processing. The cerebellum underwent dehydration 

processing and was embedded in paraffin wax for sectioning. Ten (10) μM sections were 

taken and placed on Superfrost Plus slide (Fisher, #12-550-15).

Perls’ Prussian blue iron staining with DAB enhancement was performed on sections, as 

previously described (30–33). Prior to staining, sections were rehydrated and during the 

rehydration sequence, a 3% H2O2 step was added before the final rehydration step for 

quenching of endogenous peroxidases. Sections were then stained with 3% HCl/3% 

potassium ferrocyanide/2% Triton 100X solution for 30 minutes and subsequently washed 

with distilled H2O for 10 minutes. DAB enhancement was performed for 15 minutes 

according to the manufacturer’s protocol (Thermo Fisher cat. No. 34065B). Sections were 

counterstained with Nissl (cresyl violet). Iron positive and total Purkinje cell counting was 

performed with a manual counter in real time on a total of 22 sections (10 CKO, 12 WT; 

8047 total cells counted). Observer was blinded to genotype during counting.

Dietary treatment

Mice were switched to a low-iron diet (TD10210, Teklad Harlan) and allowed to feed ad 
libitum beginning at weaning (3 weeks of age) and continued for 4 weeks until 7 weeks of 

age.

Longitudinal behavior assays and gait analysis

Beginning at 3 weeks of age, mice fed either a chow or low-iron diet were screened using a 

battery of behavioral tests on a weekly basis until 7 weeks of age. The battery of behavioral 

tests included stationary elevated beam walk, Force-plate Actimetry (BASi), and fore/whole 

body grip strength. Mice were tested beginning early in the morning (around the beginning 

of the programmed light cycle of 7 a.m.) and testing was finished prior to noon (12 p.m.) so 

as to avoid cortisol-associated effects on outcomes. At 7 weeks of age, mice were tested on 

the Rota-rod and underwent gait analysis using a DigiGait apparatus (Mouse Specifics) prior 

to euthanasia. Force-plate actimeter measurements were obtained during 10 minute 

recording sessions and DigiGait analysis was conducted at a walking speed of 10 cm/s. 

Rota-rod data were collected at an accelerating speed of 4 to 40 rpm for a maximum of 5 

minutes.

Sucrose preference test

At 6 weeks of age, mice fed a low-iron or chow diet were individually housed in a two bottle 

system cage with both bottles containing water. After 1 day of acclimation, one bottle was 

replaced with a pre-weighed bottle of 4% sucrose solution and the amount of water in the 
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non-sucrose bottle was measured. The positions of water and sucrose solutions were 

randomized between cages. After 24 hours both the water and sucrose solution weights were 

recorded and the net consumptions for water, sucrose, and total liquid were determined.

Harmaline-induced tremor

At 24 weeks of age, mice were subject to a harmaline-induced tremor assay using 

subcutaneous injection of harmaline saline solution and assessment of tremor activity on a 

Force-plate Actimeter, as previously described (34). An initial baseline reading of activity 

for frequencies from 0–25 Hz was obtained by allowing mice to explore the Actimeter for 10 

minutes pre-injection. The mice were removed and 4 mL/kg of harmaline stock solution (5 

mg/mL harmaline in saline) was injected and the mice were immediately returned to the 

Actimeter for a 40 minute recording session. During this time recordings for signals from 0–

25 Hz were collected. Subsequently, Fourier transformation of the force-time data facilitated 

power analysis across frequency and the data was binned into 4 different epochs of 10 

minutes per epoch. The motion power percentage (MPP) for the 10–17 Hz power for each 

epoch was calculated with the following formula: MPP = [(10–17 Hz)/(0–25 Hz)] × 100. 

The MPP normalizes the data to give the specific contribution of tremor activity (activity in 

the 10–17 Hz range) to total motion activity over the 0–25 Hz range, allowing for 

corrections for intra-animal total movement variation.

Statistical analyses

One (1) way ANOVA was performed for genotype comparison of Western blot 

quantification and for iron staining quantification of Purkinje cells. Two (2) way ANOVA 

(sex and genotype) analysis was performed for qPCR, 59Fe uptake, non-heme iron content, 

and all behavior tests. Three (3) way ANOVA (genotype, sex, and diet) was used to evaluate 

changes in body weight during the longitudinal studies, sucrose preference test data, and on 

all metrics from gait analyses. Three (3) way ANOVA (genotype, sex, and age) was used for 

gait analyses between 7 and 16 week old mice. Student-Newman-Keuls post hoc tests were 

performed for all ANOVA’s. P-values of <0.05 were considered statistically significant. 

Values are presented as mean +/− SEM (standard error of mean).

RESULTS

Effective deletion of NCB5OR in the CKO cerebellum

Mice expressing the En-1 driven cre recombinase showed effective recombination of a 

TdTomato reporter allele in the cerebellum and mid-brain (Figure S1). Quantitative PCR 

(qPCR) analysis of reverse transcribed mRNA with primers targeting exon 4, which is not 

deleted in CKO tissues, revealed a significantly reduced level of NCB5OR transcripts in the 

cerebellum of CKO mice relative to WT controls (CKO, 17.6±1.4; WT, 24.9±1.4; p=0.003, 

see table 1 for conditions). In addition, qPCR with primers targeting the floxed exon 3 

revealed an absence of functional NCB5OR transcripts in CKO mice relative to WT controls 

(CKO, 0.33±0.64; WT, 8.33±0.64; p<0.001).
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NCB5OR deficiency results in changes in iron related pathways

To assess whether loss of NCB5OR in the cerebellum facilitated changes in iron related 

pathways we performed qRT-PCR analysis on mRNA isolated from the cerebellum of CKO 

mice and WT littermates (Table 1). At 7 weeks of age, CKO mice displayed significantly 

elevated transcripts for many genes associated with or responsible for proper maintenance of 

cellular and mitochondrial iron homeostasis. Iron transport and import transcripts transferrin 

(Tf) and transferrin receptor (TfR1), respectively, were both significantly elevated. 

Interestingly, transcripts for the only known iron exporter ferroportin (Fpn1) were 

significantly increased. Transcripts of proteins responsible for iron storage (ferritin heavy 

chain, FtH, and ferritin light chain, FtL) were also found to be significantly elevated in CKO 

mice. Additionally, transcripts for amyloid precursor protein (APP) were elevated. APP has 

been shown to have ferroxidase activity and an iron-responsive element in the 5′ 
untranslated region of the transcript (35, 36). Mitochondria-associated iron transcripts 

frataxin (Fxn) and mitoferrin 2 (MitoFn2) were elevated at 7 weeks as well. By 16 weeks of 

age, the majority of transcripts returned to levels comparable to WT control mice. However, 

transcripts for iron regulatory protein 2 (Irp2) and metallothionein 2 (Mt2) were found to be 

elevated at 16 weeks.

We also performed transcript analysis of cerebellar mRNA at 7 weeks of age after mice had 

been challenged for 4 weeks with an iron deficient diet for behavioral analysis (Table S1). 

Transcript levels from male CKO mice showed drastic increases for a number of genes 

compared to WT controls. Conversely, female CKO mice showed significant decreases in 

transcripts compared to WT controls and their male counterparts.

Maintenance of iron homeostasis is heavily reliant on both transcriptional and translational 

regulatory mechanisms. To assess whether the transcript levels accurately reflected the status 

of TfR1, FtH, and APP protein levels we performed western blot analysis of total protein 

collected from the cerebellum of male CKO and WT mice at 7 weeks of age (Figure 1). 

Levels of TfR1 were significantly elevated (Figure 1A), while FtH levels were significantly 

decreased (Figure 1B). Although CKO mice had elevated APP levels, they did not reach 

statistical significance when compared to WT (Figure 1A).

NCB5OR ablation alters uptake of circulating 59Fe without changing non-heme iron 
content

In order to evaluate whether the changes in iron-related pathways were indicative of actual 

changes in iron uptake we conducted an 59Fe pulse feeding assay on CKO and WT mice at 7 

and 16 weeks of age. At 7 weeks of age, CKO mice had significantly greater 59Fe uptake in 

the cerebellum (Figure 2A - left), while uptake in control tissues remained unchanged 

(spleen - Figure 2B - left, and liver - data not shown). Surprisingly, by 16 weeks CKO mice 

had significantly lower 59Fe uptake in the cerebellum (Figure 2A - right) and CKO males 

exhibited significantly less iron uptake in the spleen (Figure 2B - right). No recombination 

in the spleen was seen using PCR (data not shown). There were no changes in liver 59Fe 

uptake at 16 weeks (data not shown). We tested whether the change in uptake was an 

indication of altered iron reserves in the form of non-heme iron content; however, 
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measurement of non-heme iron content revealed no changes in the cerebellum (Figure 2C) 

or spleen (Figure 2D) at 7 or 16 weeks of age in CKO mice relative to WT controls.

NCB5OR deficiency results in less ferric iron staining in Purkinje cells

The altered state of 59Fe uptake combined with no observable difference in non-heme iron 

content at 16 weeks of age in CKO mice led us to question whether there was a shift in the 

ratio of free to stored iron content. A shift of this nature would result in different amounts of 

iron in the ferrous state (Fe2+) and stored iron in the ferric state (Fe3+). In order to test this 

hypothesis we needed a test that would differentiate between the two oxidative states of iron. 

Therefore, we performed histological analysis of 16 week old male cerebellum sections 

combined with Perls’ Prussian blue iron staining, which uses ferrocyanide to specifically 

stain for ferric iron. Perls iron staining in combination with DAB enhancer revealed distinct 

staining in Purkinje cells of the cerebellum (Figure 3A). Iron positive and negative Purkinje 

cell counts revealed that CKO mice possessed a significantly reduced number of iron-

positive Purkinje cells when compared to WT counterparts (Figure 3B). Control sections 

treated with only DAB (enhancer) and Nissl (counterstain) in the absence of Perls’ iron stain 

revealed no positive staining, indicating iron-specific staining (data not shown).

Iron deficiency alters execution of complex motor tasks in CKO mice

Based on the changes in iron uptake and related pathways, we hypothesized that loss of 

NCB5OR in the cerebellum and midbrain would result in locomotor defects. Additionally, 

we investigated whether generalized iron deficiency brought about by chronic dietary iron 

deprivation would exacerbate any underlying deficits. It is important to note that gross 

differences in body weight can contribute to significant changes in certain behavior 

measures. There were no body weight differences between CKO and WT mice in either the 

chow or low-iron diet fed groups, but we did note a significant difference in body weight of 

all mice between the chow and low-iron-diet treated groups during ages 4–7 weeks (Figure 

4A). All CKO and WT mice were used for behavioral studies below since no gender 

difference was observed.

While there were no apparent differences in performance of the beam walk task between 

chow-fed CKO and WT mice (Figures S2A and S2B), CKO mice on an iron-deficient diet 

took significantly longer to traverse an elevated beam at weeks 1,2, and 4 of low-iron-diet 

treatmen (Figure 4B). CKO mice also committed an increased number of paw slips (Figure 

4C) compared to WT mice at weeks 2 and 3 of low-iron-diet treatment. Additionally, Rota-

rod tests revealed that 7 week old CKO mice treated with an iron deficient diet for 4 weeks 

had a decreased latency to fall compared to WT mice (Figure 4D), indicating a deficit in 

coordination. When we compared the dietary effects within genotypes, we observed that the 

increased number of slips during the coordinated motor task was the result of the genotype 

differences between CKO and WT mice (Figure S3A and S3B). However, the increased 

beam traversal time in the low-iron diet group was due to a hyperactive response in WT 

mice compared to no response in CKO mice (Figures S3C and S3D).
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An iron-deficient diet decreases exploratory locomotor activity in CKO mice

The resistance to a low-iron-diet-induced hyperactive response in CKO mice led us to 

investigate whether CKO mice had differences in locomotor activity when fed a low-iron 

diet. Force-plate actimeter data revealed no differences between CKO and WT mice on a 

chow diet (Figures S4A–D), with the exception of a difference in total distance traveled and 

spatial statistic during the initial 3 week age time point. However, treatment with a low-iron 

diet resulted in significantly reduced locomotor activity in CKO mice, yielding reduced total 

distance traveled (Figure 5A) and area measure (Figure 5B) compared to WT mice after 1–3 

weeks of dietary iron deprivation. Spatial statistics also indicate that the reduced locomotor 

output correlated with lowered exploratory activity during weeks 1 and 2 of dietary iron 

deprivation, with CKO mice spending more time in one area, generating a higher spatial 

statistic (Figure 5C). It is possible that changes in total distance traveled and area measures 

are indicative of slower locomotion rather than reduced overall locomotor activity and 

exploratory behavior, however CKO mice displayed significantly more bouts of low mobility 

during weeks 1 and 2 of low-iron-diet treatment (Figure 5D), suggesting that they spent 

more time being immobile than their WT counterparts.

CKO mice display changes in locomotion independent of dietary treatment

To our surprise, hind-paw gait analyses revealed a number of significant changes in 7 week 

old CKO mouse locomotion that were present in both chow- and low-iron-fed mice and were 

ultimately unaffected by the dietary iron deficiency. Compared to WT mice, CKO mice had 

a wider stance width (Figure 6B), decreased step angle (Figure 6C), and increased distance 

to fore limb-hind limb paw overlap (decreased occurrence of superimposed tracks; Figure 

6D). Additionally, CKO mice displayed changes in the rate in which they reach full stance 

(increased max ΔA/ΔT, rate of change of paw area over time; Figure 6F) as well as an 

increase in the amount of paw drag (Figure 6G) from the time of full stance to liftoff.

In order to confirm locomotor changes independent of dietary treatment and assess whether 

age was in important factor, we performed gait analysis on 16 week old CKO and WT mice 

fed a chow diet. Comparative gait analysis between 7 and 16 week old CKO mice revealed 

that CKO mice had significantly increased Max ΔA/ΔT (Figure S5A), midline distance 

(Figure S5B), and distance to paw overlap (Figure S5C) regardless of age. In addition, CKO 

mice had decreased swing duration (Figure S5D), however this significance was not seen 

when comparing dietary influence at 7 weeks of age (data not shown).

Reward response remains intact in CKO mice

Upon analysis of locomotor activity and Rota-rod performance, it became apparent that the 

effects of an iron-deficient diet not only had negative effects on CKO mice, but the effects 

appeared to be opposite that of WT mice exposed to a low-iron diet when compared to the 

chow diet. For example, CKO mice on a low-iron diet displayed decreased performance on 

the Rota-rod task compared to CKO mice on chow, while Rota-rod performance was greater 

in WT mice on a low-iron diet compared to WT mice on chow. The increased performance 

of the WT mice under iron-deficient conditions led us to question whether the ventral 

tegmental area (VTA) was affected in both WT and CKO mice on low-iron diets. Lesions in 

the tail of the VTA have been reported to result in increased Rota-rod performance in rats 
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(37) and deletion of the dopamine D2 receptors in the VTA results in increased cocaine-

induced locomotion. Moreover, loss of dopamine D2 receptors in the VTA results in 

increased motivation for sucrose (38).

Therefore, we used a sucrose preference test to determine whether the loss of NCB5OR and 

the low-iron diet altered behaviors associated with the VTA. In both chow-fed and low-iron-

diet treated groups there were no significant differences between 6 week old CKO and WT 

mice for sucrose preference based on net consumption over a 24 hour period (Figures 7A 

and 7B). Interestingly, when comparing all mice treated with either a low-iron or chow diet, 

mice treated with a low-iron diet showed a significant shift away from sucrose preference 

compared to those on a chow diet (Figure 7C). This suggests that dietary iron deficiency 

alters the reward response such that there is less preference for sucrose without affecting 

total liquid consumption.

NCB5OR ablation in the cerebellum exacerbates peak harmaline-induced tremor

Since CKO mice did not show signs of gait asymmetry (data not shown) or overt ataxia like 

those seen in mice with cerebellar or dorsal root ganglia lesion or degeneration, we 

hypothesized that pathways responsible for rhythmic, central pattern generation as well as 

gross limb movement were being affected by loss of NCB5OR in the cerebellum. These 

include the cerebelloreticular and cerebellorubral tracts (Figure 7D). In order to test these, 

we investigated subcutaneous harmaline tremor response, a commonly known 

pharmacological method of induced essential/cerebellar tremor that utilizes the suspect 

afferent and efferent pathways. Twenty-four (24) week old CKO and WT mice were placed 

in an actimeter that allowed for spectral analysis of power for vertical forces between 0–

25Hz (Figure 7E). Motion power percentages (MPP) for initial baseline session readings 

revealed no differences between CKO and WT mice. MPP’s for the initial onset of tremor 

activity (10 minutes post injection) in the 10–17 Hz range did not differ between CKO and 

WT mice. By 20 minutes post injection, CKO mice exhibited significantly greater MPP’s 

than WT mice (Figure 7F). The significant difference continued through 30 minutes post 

injection.

DISCUSSION AND SUMMARY

Our study aimed to characterize iron-related and behavioral effects due to absence of a 

reductase, NCB5OR, in the mouse cerebellum and midbrain. To avoid complications of 

previously described phenotypes and changes associated with global loss of NCB5OR, we 

generated a cerebellum/midbrain specific conditional knockout (CKO) mouse. Strategic 

ablation of NCB5OR in the cerebellum and the midbrain allowed us to investigate the 

specific molecular effects of NCB5OR deficiency on neural tissue as well as evaluate 

changes in locomotive behavior due to loss of NCB5OR in areas known to affect 

locomotion. We demonstrated that ablation of NCB5OR in the cerebellum resulted in altered 

profiles of gene transcripts and proteins critical to iron metabolism and proper maintenance 

of cellular iron homeostasis. Normally, pathways responsible for iron uptake and export 

respond in accordance with cellular iron status. During times of iron sufficiency, import and 

export of iron are regulated such that there is not significant uptake or release of iron, since 
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cytosolic iron stores should compensate for any immediate increase in demand. However, in 

times of iron deficiency, export is inhibited and uptake is increased, allowing for the 

accumulation of more iron without significant loss. In our model, loss of NCB5OR resulted 

in an abnormal response to normal iron bioavailability. At 7 weeks of age, neural tissue 

devoid of NCB5OR simultaneously acquired and exported available iron, consistent with 

observed changes in iron uptake (Tf and TfR) and export-related transcripts (Fpn1, APP, 

CP). At 16 weeks no differences in levels of these transcripts were observed while less iron 

was acquired by NCB5OR deficient tissue. It is important to note that we did observe 

elevated IRP2 and MT2 transcripts in the CKO mouse cerebellum at 7 and 16 weeks of age. 

IRP2 is a regulator of iron-related transcript translation and therefore plays an important role 

in the abundance of proteins directly responsible for iron homeostatic maintenance (39, 40). 

Levels of IRP2 protein are inversely correlated with iron content and are therefore increased 

in iron-depleted cells (41). Increased IRP2 transcript levels could indicate a shift from a 

transcriptional to a protein regulatory response to NCB5OR deficiency. MT2 also plays a 

role in metal homeostasis by regulating everything from heavy metal scavenging to zinc (Zn) 

acquisition and signaling. A role for Zn and metallothionein’s in autism spectrum disorders 

has been of growing interest (42, 43). Faber et al reported that the Zn/Cu ratio in children 

with autism spectrum disorder’s was abnormally low, suggesting alterations in 

metallothionein related pathways (44).

Nutritional iron deficiency helped confirm our initial observations and led to interesting 

observations regarding sexual dimorphism in the iron-deprivation response. Comparison of 

transcript data from 7 week old iron-diet-treated mice revealed an opposite response 

between male and female CKO mice, but these trends were not reflected in behavior metrics. 

The presence of sexual dimorphism in the NCB5OR model has been in a delayed onset of 

diabetes in female global knockout mice (W.F. Wang and H. Zhu, unpublished data), 

decreased voluntary exercise in male CKO mice, and altered responses to thirst and 

refeeding after fasting in CKO mice (unpublished data, see footnote 3).

The stark contrast in transcript and iron uptake response to NCB5OR deficiency at 7 and 16 

weeks of age may indicate a pattern of compensatory response and a subsequent 

compensated state, respectively. That is to say that by 16 weeks the loss of NCB5OR led to a 

shift in major iron homeostatic pathways as well as pathways dependent on iron. This 

resulted in the establishment of new homeostatic criteria, negating a need for a 

compensatory cellular response. This suggests not only an abnormal iron homeostatic 

response, but also abnormal iron flux, sensing, and pathway crosstalk. We used spleen and 

liver 59Fe levels as positive and negative controls, respectively, during our uptake 

experiments due to previous findings showing significantly elevated 59Fe uptake in the 

spleen and unchanged uptake in the liver of NCB5OR global knockout mice. As expected, at 

7 weeks of age we observed no differences in 59Fe uptake in either the spleen or the liver. 

However, at 16 weeks we were surprised to find significantly decreased uptake in the spleens 

of male CKO mice while PCR confirmed no loss of NCB5OR in the spleen (data not 

shown). Direct communication and regulation from brain to the spleen moderated by 

3Stroh MA, et al, NCB5OR deficiency in the cerebellum and midbrain affects fasted feeding behavior, thirst response, and voluntary 
exercise in mice. Publication in process.
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cholinergic innervation has been identified and may contribute to this observation, and there 

is significant evidence demonstrating the existence of ‘brain-spleen inflammatory coupling’ 

(For review see (45)). Histological analysis of iron staining in the cerebellum revealed 

further evidence of an altered homeostatic state in 16-week-old CKO mice. The results, 

along with the observation of no alteration in total non-heme iron content, suggest that CKO 

mice may possess altered homeostatic criteria that allow for more ferrous (labile) iron. The 

latter is known to potentiate oxidative stress via the classical Fenton reaction mechanism and 

is part of ferroptosis, a regulated cell death pathway that has recently been implicated in a 

variety of diseases (for review, see (46)) The potential role of ferroptosis in the pathological 

changes of NCB5OR-deficient mice is currently under investigation.

Brain iron homeostasis has been the focus of numerous studies, especially those focusing on 

the effects of neonatal/adolescent iron deficiency. In fact, iron deficiency, dietary or 

otherwise, has been linked to a number of neurological and psychiatric conditions including 

restless leg syndrome and attention deficit hyperactivity disorder (6, 22, 23, 47–53). An 

investigation into the effects of iron deficiency and iron deficiency anemia in young 

Zanzibari children demonstrated lower motor activity scores and less time in locomotion in 

affected children (54). However, there is evidence that early dietary iron deficiency can 

result in either reduced or increased locomotion (55, 56). To date, NCB5OR (or Cyb5R4) 

gene mutations have not been reported in patients with neurological diseases. However, all 

previous studies have been centered on diabetic cases (57, 58), leaving the possibility that 

NCB5OR’s contribution to human neurological disease has yet to be investigated and 

uncovered. Targeted deletion of NCB5OR in the cerebellum and midbrain in the present 

study did not result in overt changes in locomotion or coordination when mice were fed a 

chow diet with sufficient iron content. However, NCB5OR deficiency combined with dietary 

iron deficiency significantly altered locomotion and coordination. Interestingly, when 

compared to chow fed controls, the effects of dietary iron deficiency appeared to be opposite 

for CKO and WT mice, with CKO mice becoming hypoactive (or unaffected, as seen in the 

beam walk time to traverse) and WT mice becoming hyperactive. Given that multiple studies 

have reported opposing effects of dietary iron deficiency on locomotion, it is interesting to 

note that ablation of NCB5OR in the cerebellum and midbrain resulted in a resistant or 

hypoactive response to iron deficiency while WT counterparts responded in a hyperactive 

manner. Additionally, CKO mice fed an iron-deficient diet displayed decreased coordination 

and movement execution during complex motor tasks. These changes indicate possible 

detrimental effects of NCB5OR deficiency on nigrostriatal pathways in the context of 

dietary iron deficiency. Genetic variations resulting in altered iron content in ventral 

midbrain nuclei have been linked to changes in locomotor activity (59). Also, interactions 

between iron, dopamine, and neuromelanin-related pathways have been indicated in 

Parkinson’s disease (5).

Changes in gait and ataxia are commonly associated with dysfunction in the cerebellum or 

proprioceptive pathways (60). However CKO mice did not display overt changes in gait 

symmetry or exhibit progressive ataxia (as is common with cerebellar lesion, degeneration, 

or altered proprioceptive input) compared to WT controls. Additionally, when compared to 

WT controls, CKO mice did not display changes in fore limb or whole body grip strength 

(data not shown), ruling out confounding factors of muscle weakness. It is important to note 
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that while there were no genotype differences in the chow and low-iron diet groups, the low-

iron diet did induce a mildly ataxic phenotype in all mice.

The VTA contributes both to reward response and locomotor integration in reward-

associated tasks. Since CKO mice exhibited locomotor effects opposite those of WT mice 

when treated with a low-iron diet, we evaluated whether CKO mice in the low-iron diet 

treated group harbored changes in reward response compared to WT mice. Results indicate 

that reward response was intact in CKO mice and was comparable to that of WT mice in 

both chow and low-iron diet groups. This suggests that the diet-dependent effects of Nc 

deficiency are likely not originating from the VTA or VTA control over substantia nigral 

pathways. However, a low-iron diet significantly reduced sucrose preference in all mice, 

indicating that iron dyshomeostasis or deficiency does alter reward response in mice. 

Dopaminergic neurons in the VTA are thought to be the largest contributors to VTA 

mediated reward response. Since we suspect that dopaminergic pathways in the substantia 

nigra are at the root of the diet dependent effects of NCB5OR ablation, the lack of genotype-

diet interaction in VTA-dopaminergic-neuron- mediated behavior might indicate genetic 

susceptibility of certain dopaminergic neuron populations over others.

We observed a number of changes in CKO mouse locomotion that were independent of and 

unaffected by dietary iron deficiency, suggesting that regions outside of the nigrostriatal and 

mesolimbic pathways may be affected. Gait analyses revealed that CKO mice had gait 

alterations indicating altered proprioception and central pattern-generated locomotion. In 

addition, these changes were found to occur in chow fed CKO mice regardless of age, 

confirming previous observations. However, the absence of ataxia and gait asymmetry in 

CKO mice suggests that changes may be due to physiological rather than pathological 

mechanisms. We suspected the origins of diet-independent changes to be of lower, non-

cognate motor task-associated pathways. We investigated whether pathways responsible for 

central pattern-generated locomotion (reticulospinal, rubrospinal, and associated tracts) were 

being affected by altered cerebellar input by using a harmaline-induced tremor assay. 

Harmaline treatment results in rhythmic burst firing in the medial accessory olive (MAO) 

and dorsal accessory olive (DAO) nuclei that excites vermis and paravermis Purkinje cells in 

the cerebellum. The Purkinje cells project to the deep cerebellar nuclei (fastigial and 

interposed nuclei). Climbing fibers from the MAO and DAO also directly project to deep 

cerebellar nuclei. The deep cerebellar nuclei stimulate reticulospinal and rubrospinal fibers 

which play a role in control of posture, locomotion, and central pattern generation of 

locomotion (34, 61). At the cellular level, harmaline administration results in increased 

intraneuronal Ca2+ spikes in oscillating olivary neurons, leading to greater excitability (34). 

The increased response to harmaline tremor in CKO mice could indicate changes in other 

metal ion (i.e. Ca2+, Zn2+, Na+) homeostatic maintenance pathways in the absence of 

NCB5OR. Increased serotonin has also been shown to potentiate a greater response to 

harmaline-induced tremor. These are important considerations when exploring further 

explanation of the changes seen in CKO mice.

In summary, our study has shown that genetic alterations leading to iron dyshomeostasis can 

affect a range of movement-related neural pathways, especially when combined with 

environmental factors such as generalized iron deficiency. These data suggest that NCB5OR 

Stroh et al. Page 13

Metab Brain Dis. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deficiency results in alterations in iron homeostasis, but do not prove that NCB5OR directly 

contributes to iron homeostasis. In addition, our data suggest that NCB5OR deficiency 

might serve as a model of iron dyshomeostasis resulting from altered iron flux rather than 

iron deposition or deficiency, per se. The nature of NCB5OR’s contribution to iron pathways 

and other iron-related genes is currently unknown and further experimentation is needed to 

address how NCB5OR’s function is necessary for proper maintenance of cellular iron. In all, 

our current findings demonstrate that NCB5OR-related iron dyshomeostasis, and pathways 

and processes affected by iron, are of significance to the proper functioning of multiple 

neural pathways, specifically those contributing to quantitative and qualitative locomotor 

output.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Iron-processing-relevant protein levels in the cerebellum of CKO and WT mice. Specific 

protein levels were measured using western blot analysis of whole protein extracted from 

mouse cerebellum at 7 weeks of age. (A) Amyloid precursor protein (APP) was unchanged 

in CKO mice, but levels of the iron import protein transferrin receptor (TfR1) were 

significantly elevated. (B) Iron storage protein ferritin heavy chain (FtH) was significantly 

reduced in CKO mice, suggesting an iron-deficient status. Percentages represent percentage 

of signal that is attributed to protein band over the high background noise. Densitometry 

signal of each protein is normalized against actin (% Actin). Values are presented as mean +/

− SEM (standard error of mean). n=4:4 (CKO:WT), representative. *, p<0.05; ***, p<0.005.
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Figure 2. 
Altered iron uptake in CKO mice. 59Fe pulse feeding assay revealed (A) significantly 

elevated 59Fe uptake in the cerebellum of 7 week old CKO mice and significantly decreased 

uptake by 16 weeks of age. (B) Serving as a control, at 7 weeks the spleen showed no 

change in iron uptake. 16 week male CKO mice acquired significantly less 59Fe. Non-heme 

iron content assays of the (C) cerebellum and (D) spleen from 7 and 16 week old CKO and 

WT mice showed no changes in non-heme iron content. Values are presented as mean +/− 

SEM (standard error of mean). 7 week; n=10 CKO (5 Male, 5 Female), n=10 WT (5 Male, 5 

Female). 16 week; n=10 CKO (5 Male, 5 Female), n=10 WT (5 Male, 5 Female). *, p<0.05; 

**, p<0.01.
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Figure 3. 
Reduced iron-positive Purkinje cells in male CKO mice. (Left) Peris iron staining in the 

CKO cerebellum with Nissl counterstaining. Note the positive staining (red arrows) and 

negative staining (black arrow) of purkinje cells. (Right) CKO mice have a reduced number 

of iron-positive Purkinje cells as a percentage of total Purkinje cells counted. Values are 

presented as mean +/− SEM (standard error of mean). Male mouse n=8 (4 CKO, 4 WT), 

sections used for quantification n=22 (10 CKO, 12 WT). *, p<0.05.
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Figure 4. 
Diet-dependent effects of NCB50R deficiency during a complex motor task. (A) There were 

no genotypic differences in weight within chow or low-iron-diet treated sets, however low-

iron diet treated animals weighed significantly less than chow fed controls. CKO mice on a 

low iron diet challenged with a complex motor task (elevated beam walk) showed (B) 

increased beam traversal time accompanied by (C) increased slips/errors during traversal. 

Dietary iron deficiency also resulted in (D) a decreased latency to fall on an accelerating 

Rota-rod task. Values are presented as mean +/− SEM (standard error of mean). Chow; 

n=8:10 (CKO:WT). Low iron; n=8:8 (CKO:WT). *, p<0.05; **, p<0.01; ***, p<0.005.
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Figure 5. 
Diet-dependent effects of NCB50R deficiency on locomotion. CKO mice on an iron-

deficient diet had decreased total locomotor output as indicated by (A) significant decreases 

in distance traveled and (B) area measure. CKO mice also exhibited reduced exploratory 

activity resulting in (C) a higher spatial statistic and (D) an increased number of low 

mobility bouts compared to WT. Spatial statistic scores: 100 = All time spent in one place, 1 

= time spent evenly distributed across force plate. Bout of low mobility: 1 bout of low 

mobility = no change in distance or area (no movement) within a 10 second frame. Values 

are presented as mean +/− SEM (standard error of mean). n=8:8 (CKO:WT). *, p<0.05; **, 

p<0.01; ***, p<0.005.
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Figure 6. 
Diet-independent effects of NCB50R deficiency on gait. (A) Posture plots of WT and CKO 

mice at 7 weeks. DigiGait analysis at 7 weeks revealed that CKO mice had (B) a wider 

stance width, (C) decreased step angle, and (D) a greater distance to paw overlap compared 

to WT mice. (E) A visual representation of change in paw area over time. CKO mice show 

significant changes indicative of hind limb paresis with increased (F) max ΔA/ΔT and (G) 

paw drag. Max AA/AT is the rate of change of paw area during paw placement and full 

stance. Paw drag is the paw area under the curve from full stance to liftoff. CKO mice were 

quick to load their paw and spent more time initiating the liftoff stage (flopping and 

dragging their paws). Values are presented as mean +/− SEM (standard error of mean). 

n=16:18 (CKO:WT) *, p<0.05; **, p<0.01
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Figure 7. 
Intact reward response and increased peak harmaline tremor in CKO mice. Sucrose 

preference testing for CKO and WT mice fed a (A) chow diet and (B) low-iron diet. (C) A 

reduction in sucrose preference is seen when comparing the effects of a low-iron diet on all 

mice, suggesting that generalized iron deficiency significantly alters reward behavior in 

mice. (D) Treatment with subcutaneous harmaline results in rhythmic burst firing in the 

inferior olive and subsequent activation of rubrospinal and reticulospinal tracts via cerebellar 

efferents, generating a high frequency tremor. (E) Actimeter signals show a power spike in 

the 10–17 Hz range, indicative of a high frequency tremor. (F) CKO and WT mice had 

comparable motion power percentages (MPP) in the 10–17 Hz range during baseline and 

harmaline tremor onset (10 minutes post injection). However, by 20 and 30 minutes post 

injection CKO mice had significantly elevated responses to harmaline induced tremor over 

WT. Values are presented as mean +/− SEM (standard error of mean). DCN; deep cerebellar 

nuclei. IO; inferior olive. PC; Purkinje cell. RF; reticular formation. RN; red nucleus. For 

figures A–C: Chow; n=8:10 (CKO:WT). Low iron; n= 8:8 (CKO:WT). For figure F: 

n=10:10 (CKO:WT). *, p<0.05; ***, p<0.005. MPP = [(10 – 17 Hz)/(0 – 25 Hz)] × 100.
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