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Abstract

The UBTF E210K neuroregression syndrome is caused by de novo dominant mutations in UBTF 
(NM_014233.3:c.628G>A, p.Glu210Lys). In humans, onset is typically at 2.5 to 3 years and 

characterized by slow progression of global motor, cognitive and behavioral dysfunction. Other 

potentially pathogenic UBTF variants have been reported in humans with severe neurological 

disease and it remains undetermined if the UBTF E210K mutation operates via gain- and/or 

loss-of-function. Here we examine the behavioral, cognitive, motor, and molecular effects of 

Ubtf knockout and knockdown in mice as a means of gauging the role of loss-of-function in 

humans. Ubtf+/− mice show progression of behavioral (dominance tube), cognitive (cross maze), 

and mild motor abnormalities from 3 to 18 months. At 18 months, Ubtf+/− mice had more slips 
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on a raised 9-mm round beam task, shorter latencies to fall on the accelerated rotarod, reduced 

open field vertical and jump counts, and significant deficits in spatial learning and memory. 

Via crosses to Nestin-Cre (NesCre) mice we found that homozygous Ubtf deletion limited to 

the central nervous system was embryonic lethal. Tamoxifen-induced homozygous knockdown 

of Ubtf in adult mice with the Cre-ERT2 system was associated with precipitous deterioration 

in neurological functioning. At the molecular level, 18-month-old Ubtf+/− mice showed mild 

increases in cerebellar 53BP1 immunoreactivity. These findings show that UBTF is essential for 

embryogenesis and survival in adults, and the deleterious effects of UBTF haploinsufficiency 

progress with age. Loss-of-function mechanisms may contribute, in part, to the human UBTF 

E210K neuroregression syndrome.
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1. Introduction

De novo dominant mutations in UBTF [NM_014233.3:c.628G>A, p.Glu210Lys] cause a 

distinct, predominantly neurological disorder, dubbed the UBTF E210K neuroregression 

syndrome (ClinVar SCV000598648.1)(Edvardson et al., 2017; Toro et al., 2018). Other 

deleterious UBTF variants including likely pathogenic nonsense variants have also been 

reported in human clinical databases (ClinVar: Q635*, Q672*, Y271*, Y308*, E56*). 

UBTF (Upstream Binding Transcription Factor) is a multi-HMGB (High Mobility Group 

B)-box architectural DNA binding protein essential for ribosomal RNA (rRNA) transcription 

by RNA polymerase 1 (Pol I) and for ribosome biogenesis in the nucleolus (Hamdane et 

al., 2014; Herdman et al., 2017). Initial molecular studies suggested that the E210K variant 

may function through a gain-of-function mechanism with increased binding to rDNA and 

increased expression of 18S rRNA (Edvardson et al., 2017; Toro et al., 2018). Recent work 

suggests that the UBTF E210K variant causes a mild reduction in the cooperative interaction 

between UBTF and Selectivity Factor (SL1) leading to reduced rDNA transcription but an 
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increase in active rDNA copies (Tremblay et al., 2022). Here we describe a range of targeted 

studies using murine model systems to understand the contribution of loss-of-function 

mechanisms to the pathobiology of UBTF mutations.

UBTF exists as two isoforms, UBTF1 (CCDS42346.1) and UBTF2 (CCDS1140.1), that 

are expressed at similar levels in differentiated cell types. These replace histone chromatin 

across active copies of the several hundred rDNA genes present in the genome (Tchelidze 

et al., 2019), the UBTF1/UBTF2 ratio corresponding closely with the fraction of active 

rRNA genes. The UBTF c.628G>A mutation results in the same amino acid change in 

both UBTF1 and UBTF2 (E210K). Disease onset is at 2.5 to 3 years and characterized 

by slow progression of global motor, cognitive and behavioral dysfunction. UBTF E210K 

shows modified binding to the rDNA promoter that affects formation of the preinitiation 

complex by the Pol I-specific TBP-complex SL1 (Tremblay et al., 2022). UBTF E210K 

fibroblasts show increased levels of pre-rRNA and 18S rRNA, nucleolar abnormalities, 

markedly increased numbers of DNA double-strand breaks (DSBs), defective cell-cycle 

progression, and apoptosis (Toro et al., 2018).

In previously published work from our laboratories, adult (3 month-old) Ubtf+/− mice 

and sex-matched Ubtf+/+ littermates were subjected to a battery of motor and behavioral 

examinations including open-field activity, rotarod, vertical rope climbing, raised-beam task, 

grip strength, gait analysis (DigiGait™), dominance tube, and cross-maze test (Toro et 

al., 2018). No evidence of involuntary movements or seizures was noted. Ubtf+/− mice 

tended to fall off the rotarod at shorter latencies than their Ubtf+/+ littermates. Ubtf+/− 

mice also took more time to traverse raised beams in comparison to Ubtf+/+ littermates. 

Quantitative measures of gait exposed minor differences between Ubtf+/− mice and their 

Ubtf+/+ littermates. Ubtf−/− is early embryonic lethal in mice (Hamdane et al., 2014). 

Quantitative real-time PCR (QRT-PCR) showed significant reductions in total brain Ubtf 
transcript in Ubtf+/− mice with only minor, statistically insignificant, reductions in Ubft1 
transcript (Toro et al., 2018). These findings suggest that Ubtf gene dosage is important in 

establishing and maintaining normal neural function, but since UBTF1 is essential for rDNA 

function, the maintenance of UBTF1 levels may provide partial compensation for the loss of 

one allele.

Here we extend previous work and examine mice through 18 months of age to determine 

if neuroregression is rapidly progressive as is the case for the human UBTF E210K 

neuroregression syndrome. In the gnomAD database (gnomad.broadinstitute.org) there are 

no high-confidence UBTF putative LoF (loss-of-function) variants. In contrast, ClinVar 

(www.ncbi.nlm.nih.gov/clinvar) reports several LoF variants that are likely pathogenic, 

pathogenic, or of uncertain significance. As such, study of knockdown and knockout of Ubtf 
in murine models is relevant to clinical genetics diagnostics in humans and understanding 

the biology of UBTF.
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2. Results

2.1. Homozygous knockout of Ubtf in neural tissues is embryonic lethal

B6.Cg-Tg(Nes-cre)1Kln/J mice, commonly known as nestin-Cre mice, express Cre 

recombinase in the central and peripheral nervous systems by embryonic day 11 (Tronche et 

al., 1999). Using crosses between Ubtffl/fl and nestin-Cre mice we wanted to determine 

if UBTF is vital for late embryonic development of the nervous system. We did not 

identify surviving Postnatal Day 0 (P0) pups with elimination of Ubtf expression in the 

nervous system. Therefore, UBTF must be essential for late embryonic development. 

However, pregnant dams were not euthanized for assessment of embryos before or after 

embryonic day 11 to establish a temporal profile of embryonic death. To assess the effects 

of heterozygous UBTF loss, we euthanized Ubtf+/fl_nestin-Cre mice at 3 months-of-age 

and harvested RNA from liver and hippocampus. Ubtf+/+ mice were used as controls. In 

comparison to Ubtf+/+ mice, Ubtf+/fl_nestin-Cre mice showed less than 50% reductions 

in hippocampal total Ubtf (37%) and Ubtf1 (38%). Similar reductions were seen in 18S, 

28S and 45S rRNA (Table S1). For unclear reasons, there were modest increases in liver 

expression of total Ubtf, 28S rRNA and 45S rRNA (Table S1).

2.2. Ubtf Knockdown in Adult Mice

To bypass the potential effects of developmental compensation and determine the subacute 

effects of haploinsufficiency in a mammalian system in vivo, Ubtffl/fl_CreERT2 mice 

were treated with tamoxifen to knockdown Ubtf expression in 3-month-old mice. Ubtf 
knockdown was associated with rapid weight loss and marked deterioration in sensorimotor 

functioning over the course of 8 days. Open-field activity measures including distance 

traveled, ambulatory counts, stereotypic counts, vertical counts, and jump counts were 

notably reduced in comparison to groups of control mice (Supplementary Material, Table 

S2). Gait analyses (DigiGait™) showed reduced stride lengths and paw areas in the 

tamoxifen treated Ubtffl/fl_CreERT2 mice (Table S2). Mice were euthanized 10 days after 

initial treatment with tamoxifen and RNA was extracted from fresh postmortem brain. 

Relative quantitative real-time PCR (QRT-PCR) showed an approximate 90% reduction in 

total Ubtf expression in cerebral cortex, cerebellum, striatum, and liver (Table S2).

2.3. Motor, behavioral, and cognitive testing of Ubtf+/−mice

2.3.1. Vertical rope climbing—At 18 months, there were significant effects of 

genotype (F1,69 = 18.47, P < 0.0001) and the sex*genotype interaction (F1,69 = 4.45, P 
= 0.038) on vertical rope climbing times (Table 1). Ubtf+/+ males but not females were faster 

than sex-matched Ubtf+/− mice. There were similar effects of genotype (F1,69 = 20.32, P < 

0.0001) and the sex*genotype interaction (F1,69 = 11.44, P = 0.15) on weight-normalized 

vertical rope climbing (Table 1).

Repeated measures analysis (Fig. 1A) found significant effects of age (F2.19,157.7 = 60.42, 

P < 0.001), genotype (F1,72 = 8.68, P = 0.0043), and the age*genotype interaction (F3,216 

= 8.80, P < 0.0001) on vertical rope climbing times. The effect of genotype at the four 

postnatal ages was only significant at 18 months (adjusted P = 0.0007, post-hoc Šídák’s 

multiple comparisons test). There were also significant effects of age (F2.35,169.2 = 20.88, 
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P <0.001), genotype (F1,72 = 7.524, P = 0.0077), and the age*genotype interaction (F3,216 

= 9.339, P < 0.0001) on weight-normalized vertical rope climbing times (Fig. 1B). The 

effect of genotype on weight-normalized vertical rope climbing times at the four postnatal 

ages was only significant at 18 months (adjusted P = 0.0003, post-hoc Šídák’s multiple 

comparisons test).

2.3.2. Raised-beam task—Dystonia and Parkinsonism have been reported in humans 

with the UBTF-associated neuroregression (Ikeda et al., 2021; Toro et al., 2018). The raised-

beam task is a sensitive measure of motor dysfunction in mouse models of dystonia and 

Parkinson’s disease (Khan et al., 2018; Xiao et al., 2016; Zhao et al., 2008). At 18 months 

there were no significant differences between Ubtf+/− mice and their Ubtf+/+ littermates in 

the number of slips on the 12 mm and 9 mm square beams. On the 12 mm round beam there 

were significant effects of genotype (F1, 69 = 6.88, P = 0.011) and sex (F1, 69 = 6.66, P = 

0.012) but no effect of the sex*genotype interaction (Table 1). Post-hoc analysis identified 

a significant difference between male Ubtf+/− and Ubtf+/+ mice (adjusted P = 0.017) but no 

difference between female Ubtf+/− and Ubtf+/+ mice (Table 1). On the 9 mm round beam 

there were significant effects of genotype (F1, 69 = 8.62, P = 0.005) and the sex*genotype 

interaction (F1, 69 = 5.74, P = 0.019) but no effect of sex (Table 1). Post-hoc analysis 

identified a significant difference between male Ubtf+/− and Ubtf+/+ mice (adjusted P = 

0.002) but no difference between female Ubtf+/− and Ubtf+/+ mice (Table 1).

Repeated measures analyses of mean slips at 3, 6, 12, and 18 months on the 12 mm round 

beam showed significant effects of age (F1.6, 111.1 = 44.1, P < 0.0001) and the age*genotype 

interaction (F3, 210 = 8.6, P < 0.001), but no effect of genotype (F1, 70 = 0.39, P = 0.54). 

Post-hoc analyses showed that Ubtf+/− mice had fewer slips than Ubtf+/+ littermates at 6 and 

12 months (adjusted P < 0.05, for both). Variance increased at 18 months, particularly in 

the Ubtf+/− mice (Fig. 1C). On the 9 mm round beam (Fig. 1D) there were effects of age 

(F1.135, 79.43 = 44.72, P < 0.0001), genotype (F1, 70 = 5.21, P = 0.026), and the age*genotype 

interaction (F3, 210 = 9.16, P < 0.0001). Post-hoc analyses showed that the differences 

between Ubtf+/+ and Ubtf+/− mice were only significant at 18 months (adjusted P = 0.020).

2.3.3. Grip strength analysis—Based on repeated measures analysis, there were no 

significant effects of genotype or age on grip strength. Similarly, there were no effects of 

genotype or sex on grip strength at 18 months. However, there was a significant effect of 

age on weight normalized grip strength (F2.47,178.0 = 97.99, P < 0.0001). As seen in Fig. 1E, 

weight normalized grip strength deteriorated with increasing age in both Ubtf+/− mice and 

their Ubtf+/+ littermates.

2.3.4. Accelerating rotarod—The accelerating rotarod is used to access general motor 

coordination. At 18 months, the was an effect of genotype (F1,64 = 10.12, P = 0.002) 

but no effect of sex or the sex*genotype interaction on Day 5 rotarod latencies (Table 

1). Repeated measures analysis using rotarod Day 5 latencies at 3, 6, 12, and 18 months, 

showed significant effects of age (F2.800, 184.8 = 18.07, P < 0.001) and genotype (F1, 66 = 

7.86, P = 0.0066), but no overall effect of the age*genotype interaction (F3, 198 = 2.47, P = 

0.063). Šídák’s multiple comparisons test identified significant effects of genotype at 3 and 

18 months but not at 6 or 12 months (Fig. 1F).
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2.3.5. Open-field activity—Measures included distance traveled (cm), ambulatory 

count, stereotypic count, vertical count, jump count, average velocity (cm/s), and ambulatory 

episodes. At 18 months (Table 1), there were overall effects of genotype on vertical (F1, 73 = 

4.00, P = 0.049) and jump (F1, 73 = 5.25, P = 0.025) counts, and sex on distance traveled (F1, 

73 = 5.83, P = 0.018), ambulatory count (F1, 73 = 5.83, P = 0.018), jump counts (F1, 73 = 7.2, 

P = 0.0094), and ambulatory episodes (F1, 73 = 4.43, P = 0.039). Post-hoc Šídák’s multiple 

comparisons tests showed differences between male Ubtf+/− and Ubtf+/+ mice on distance 

traveled (adjusted P = 0.026) and stereotypic counts (adjusted P = 0.027). There were no 

significant effects of genotype on repeated measures analyses (3, 6, 12, and 18 months) of 

distance traveled, ambulatory count, stereotypic count, vertical count, jump count, average 

velocity (cm/s), or ambulatory episodes.

2.3.6. Gait analysis—There were no effects of genotype on any forelimb or hindlimb 

gait parameter (propel, stride length, stride frequency, stance width, step angle or paw area) 

at 18 months (Table 1). In addition, there were no significant effects of genotype on repeated 

measures analyses (3, 6, 12, and 18 months) of gait parameters.

2.3.7. Cross-maze analysis—The cross-maze test was used to evaluate spatial working 

memory and exploratory behavior. At 18 months, there were effects of genotype (F1, 67 = 

5.3, P = 0.024) and sex (F1, 67 = 4.9, P = 0.030), but no interaction effect (Table 1). Overall, 

females outperformed males and Ubtf+/− mice outperformed their Ubtf+/+ littermates. There 

were effects of genotype (F1, 69 = 12.1, P = 0.0009) and age (F2.624, 181.1 = 4.11, P = 0.010) 

but no interaction effects (Fig. 1G) on repeated measures analysis. Post-hoc analyses were 

only significant for group differences at 18 months (adjusted P = 0.0012).

2.3.8. Dominance tube—This test was used for identifying a general abnormality in 

social interaction through the measurement of aggression. Overall, Ubtf+/− mice were more 

aggressive than their Ubtf+/+ littermates. At 18 months, there were significant effects of 

genotype (F1, 74 = 88.3, P < 0.0001) and the sex*genotype interaction (F1, 74 = 4.246, P = 

0.043) on % tube dominance (Table 1). Differences between Ubtf+/− mice and their Ubtf+/+ 

littermates were most pronounced for females. Repeated measures analysis (3 mo., 6 mo., 

12 mo., and 18 mo.), exposed a significant effect of genotype (F1, 76 = 150.9, P < 0.0001) 

and the age*genotype interaction (F3, 228 = 11.6, P < 0.0001 but no effect of age on % tube 

dominance. The effect of genotype became more pronounced with increasing age (Fig. 1H).

2.4.9. Morris water maze—The Morris water maze is used to access spatial learning 

and memory. At 18 months, there was a large effect of genotype but no effect of sex or the 

genotype*sex interaction on Day 6 escape latencies (F1, 56 = 23.03, P < 0.0001). A smaller 

effect of genotype was found on the probe trial which measured time in the target quadrant 

(F1, 56 = 4.57, P = 0.037). There was no effect of sex or the genotype*sex interaction on the 

probe trial.

2.4.10. Nociception—Some patients with the UBTF E210K neuroregression syndrome 

exhibit increased tolerance to noxious stimuli (Toro et al., 2018). This is not surprising given 

the protean neurological features of this syndrome and ubiquitous expression of UBTF. 

Findings in mice support this clinical observation. In comparison to Ubtf+/+ littermates 
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(10.06 ± 0.32 s), Ubtf+/− mice (12.54 ± 0.54 s) showed prolonged latencies on the 

nociception assay (F1,69 = 14.75, P = 0.003). There were no significant effects of sex or 

the sex*genotype interaction on nociception latency (Table 1).

2.5. QRT-PCR

At 18 months, reductions of total Ubtf were larger than reductions of Ubtf1 but notably less 

than 50% in both Ubtf+/− cerebral cortex and hippocampus (Table 2). Reductions in Ubtf1 

were significant in cerebral cortex but did not reach statistical significance in hippocampus. 

There were no significant changes in brain 18S, 28S or 45S rRNA (Table 2).

2.6. Comet Assay

The comet assay, or single cell gel electrophoresis, is a sensitive method for detection of 

DNA strand breaks in individual cells. The assay is based on denatured, cleaved DNA 

fragments migrating out of cells under an electric field and forming “tails”. The distribution 

of DNA between the head and the tail is used to evaluate the degree of DNA damage. In 

cerebellum, percent tail DNA did not differ between Ubtf+/−mice (7.0%) and their Ubtf+/+ 

littermates (6.4%). Similarly, in striatum, percent tail DNA did not differ between Ubtf+/

−mice (6.3%) and their Ubtf+/+ littermates (5.7%).

2.7. γ-H2A.X ELISA

Histone H2A.X is required for DNA repair following DSBs. DNA damage triggers rapid 

phosphorylation of H2A.X at Ser139 (γ-H2A.X). Detection of γ-H2A.X is widely used as 

a surrogate marker of DNA damage. Using γ-H2A.X ELISA we did not detect differences 

in DNA damage between 18-month-old Ubtf+/− mice and Ubtf+/+ littermates (N = 6/group) 

using fresh post-mortem cerebellar and striatal tissues (P = NS, for both).

2.8. Di-methyl histone H3K4 quantification

H3K4me2/3 and H2A.Zac are chromatin marks that along with CCCTC-Binding Factor 

(CTCF) form the so-called “Enhancer Boundary Complex,” upstream boundary of rDNA, 

and are augmented after loss of UBTF (Herdman et al., 2017). In general, transcriptionally 

active genes correlate with H3K4me2/3 (di- and trimethyl). ELISA was used to access 

the overall effects of UBTF haploinsufficiency on global changes in histone H3K4 di-

methylation. No differences were detected in the cerebella and striata of 18-month-old 

Ubtf+/− mice in comparison to Ubtf+/+ littermates (P = NS, for both).

2.9. 53BP1 immunoreactivity

53BP1 is a sensor protein of DNA damage and plays an important role in the non-

homologous end-joining DNA repair pathway. More 53BP1 immunoreactive foci were 

found in Ubtf+/− cerebellum in comparison to Ubtf+/+ cerebellum at 18 months (Welch-

corrected t = 3.65, P = 0.048). Most commonly, multiple 53BP1-immunoreactive foci were 

found in individual neurons (Fig. 2).
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2.10. Routine histochemistry

We used the Luxol fast blue stain to access myelin in the central nervous system of Ubtf+/− 

mice and Ubtf+/+ littermates at 18 months. Based on qualitative assessments, there was no 

evidence of demyelination or dysmyelination (Supplementary Material, Figure S1). There 

were no neuroanatomical differences between Ubtf+/− mice and Ubtf+/+ littermates at the 

level of light microscopy on qualitative analysis of cresyl violet and hematoxylin and eosin 

(H & E) stained sections (Figure S1). In addition, there were no abnormal neuronal patterns, 

abnormal neuronal populations, or microstructural abnormalities in Ubtf+/− mouse brain in 

comparison to Ubtf+/+ brains at 18 months.

2.11. Body and brain weights

Ubtf+/− mice (28.7 ± 3.3 g) were not significantly smaller than Ubtf+/+ littermates (29.8 

± 4.9) at 18 months of age (F1,70 = 2.12, P = 0.15). However, there was a significant 

sex*genotype interaction (F1, 70 = 19.49, P < 0.0001) and post-hoc Šídák’s multiple 

comparisons test showed a significant difference in the weights of male mice (adjusted 

P = 0.0006, Table 1). Overall, Ubtf+/− mice had smaller brain weights (mean ± SEM = 0.444 

± 0.123 g) than Ubtf+/+ littermates (mean ± SEM = 0.458 ± 0.127 g) at 18 months (F1,22 = 

5.00, P = 0.036; Table 1).

3. Discussion

Our results verify the importance of normal UBTF expression to embryogenesis, survival, 

and neural functioning. The relatively minimal effects of UBTF1 haploinsufficiency 

on several measures of motor functioning previously described at 3 months (Toro et 

al., 2018) suggests the presence of minor neurodevelopmental defects in Ubtf+/− mice. 

Comparably, subtle to mild neurodevelopmental abnormalities have been reported in 

children with the UBTF E210K mutation (Edvardson et al., 2017). The more pronounced 

and progressive abnormalities noted after 12 months of age in mice indicate the presence 

of superimposed neurodegeneration. In this regard, neurodegeneration in childhood is 

commonly referred to as developmental regression, neurodevelopmental regression or 

developmental neuroregression. It is quite possible that the behavioral, motor, cognitive, 

and molecular abnormalities reported herein in 18-month-old Ubtf+/− mice would have been 

more prominent if mice lived longer given that neuroregression in humans with the UBTF 

E210K syndrome does not become clinically manifest until 2.5 to 3 years of age. This 

age constraint can be a limitation of mouse models used to study some neurodegenerative 

disorders.

Comparison of behavioral (dominance tube), cognitive (Morris water maze, cross maze), 

motor (rope climbing, raised beam, rotarod), and sensory testing results permits cross-

correlation with clinical findings in humans with UBTF mutations (Bastos et al., 2020; 

Edvardson et al., 2017; Ikeda et al., 2021; Sedlackova et al., 2019; Toro et al., 2018). Ubtf+/− 

mice exhibited abnormal social interactions on tube dominance testing at 3 months with 

notable progression from 12 to 18 months (Fig. 1H). Autistic behavior patterns, impulsivity, 

and hyperactive behaviors are well described in some patients with UBTF mutations and, 

correspondingly, abnormal tube dominance testing has been reported in several murine 
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models of autism (Han et al., 2020; Jiang-Xie et al., 2014). Cognitive regression is perhaps 

the earliest and most overt manifestation of the UBTF E210K neuroregression syndrome. 

The impairments on cross maze and Morris water maze testing were marked at 18 months. 

In combination, the results of behavioral and cognitive testing indicate the presence of both 

impaired learning and memory in Ubtf+/− mice. Similarly, behavioral, and cognitive deficits 

typically precede overt motor abnormalities in humans with UBTF mutations.

Relative to the notable behavioral and cognitive impairments in Ubtf+/− mice, the 

abnormalities on vertical rope climbing, the raised beam task, and open field activity 

were modest and mostly limited to 18-month-old animals, and there were no significant 

differences in gait parameters between Ubtf+/− mice and their isogenic Ubtf+/+ littermates. 

Overall, Ubtf+/− mice were less active in the vertical axis with fewer jump and vertical 

counts during open-field activity. There were also differences on the accelerating rotarod at 

both 3 and 18 months with a quadratic effect of age on both Ubtf+/− and Ubtf+/+ mice (Fig. 

1F). Variance increased at 18 months on most motor assessments in Ubtf+/− mice suggesting 

that some animals were nearing the precipice of neuroregression at 12 months of age. In 

aggregate, these data from Ubtf+/− mice are compatible with clinical data from humans 

with the UBTF E210K neuroregression syndrome. In humans, postural instability and axial 

hypotonia tend to precede the appearance of spasticity, dystonia, ataxia, and Parkinsonism 

by several years (Bastos et al., 2020; Ikeda et al., 2021; Sedlackova et al., 2019; Toro et 

al., 2018). In our study, Ubtf+/− mice did not exhibit overt spasticity, dystonia, ataxia, or 

Parkinsonism on open field behavior. Furthermore, these motor signs would likely manifest 

as abnormalities on gait analysis.

The sensory abnormality detected at 18 months in Ubtf+/− mice is not surprising given 

the ubiquitous expression of UBTF in neural tissues. Sensory abnormalities, particularly 

impaired responses to noxious stimuli, has been reported in patients with the UBTF E210K 

neuroregression syndrome (Toro et al., 2018). The integrity of other sensory systems (vision, 

hearing, taste, and smell) was not assessed in our mouse model and have not been detailed in 

clinical reports of the UBTF E210K neuroregression syndrome.

Relative to Ubtf+/+ littermates, brain weights were reduced in Ubtf+/− mice at 18 months. 

Magnetic resonance imaging in humans with the UBTF E210K neuroregression syndrome 

shows progressive loss of brain volume, and, in patients older than 10 years, marked ex 

vacuo ventriculomegaly (Toro et al., 2018). In humans, supratentorial atrophy is greater 

than infratentorial atrophy which is compatible with the appearance of overt cognitive and 

behavioral deficits prior to motor abnormalities seen herein in mice.

UBTF1 and UBTF2 are found on active rDNA and at GC-rich nucleosome-free regions 

(NFRs) genome-wide as heterodimers or homodimers. UBTF regulates rRNA transcription 

by RNA Pol I employing several mechanisms that involve assembly of transcription 

complexes (Beckmann et al., 1995; Jantzen et al., 1992; Watt et al., 2022), regulation of 

chromatin state (Herdman et al., 2017; Stefanovsky et al., 2006), modulating promoter 

escape (Panov et al., 2006) and transcriptional elongation (Stefanovsky et al., 1996; 

Stefanovsky et al., 2006). UBTF1 but not UBTF2 cooperates with SL1 to form the 

preinitiation complex at the Pol I promoter, explaining why UBTF2 cannot replace UBTF1 
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for rRNA gene expression (Tremblay et al., 2022). However, UBTF2 may be sufficient to 

regulate mRNA transcription by Pol II (Grueneberg et al., 2003; Sanij et al., 2015). In some 

respects, UBTF2 functionally resembles an ERK phosphorylated form of UBTF1 and is 

more permissive to Pol I transcription elongation (Stefanovsky et al., 2001; Stefanovsky 

and Moss, 2008), suggesting that it is a modulator/diluter of UBTF1 activity. Although the 

expression of total Ubtf was reduced by approximately half in cerebral cortex, cerebellum, 

and liver, Ubtf1 levels were not significantly reduced in 3-month-old Ubtf+/− mice (Toro 

et al., 2018) suggesting compensatory regulation of Ubtf primary transcript splicing via 

feedback mechanisms. At 18 months, the upregulation was less robust with modest but 

significant reduction in Ubtf1 in cerebral cortex of Ubtf+/− mice, although there were no 

significant effects on levels of 18S, 28S, and 45S rRNA (Table 2). These findings suggest 

that Ubtf gene dosage is important in establishing and maintaining normal neural function, 

but since UBTF1 is essential for rDNA function, the maintenance of UBTF1 levels may 

provide partial compensation for the loss of one allele. However, compensatory mechanisms 

could begin to fail in older animals thereby contributing to small reductions in UBTF1 

with aging. In addition, UBTF2 deficiency may also contribute to late-onset neurological 

deterioration in mice.

Depletion of UBTF has been shown to cause abnormalities of cell-cycle progression, the 

DNA damage response, and genome instability (Hamdane et al., 2015; Sanij et al., 2015). 

This may be related to the essential role this factor plays in rDNA transcription and/or its 

ability to replace nucleosomes and stabilize NFRs. Defects in ribosome biogenesis lead to 

nucleolar stress, the stabilization of p53, cell cycle arrest and apoptosis (Calo et al., 2018; 

Nicolas et al., 2016; Orsolic et al., 2016; Zhou et al., 2015), and loss of UBTF has been 

shown to have these effects (Hamdane et al., 2015; Sanij et al., 2015). Loss or mutation of 

UBTF could affect the formation of both rDNA-specific and genome-wide NFRs, possibly 

leaving the underlying DNA poorly protected and explaining the enhanced damage that has 

been observed. Fibroblasts from patients with the UBTF E210K neuroregression syndrome 

show nucleolar abnormalities, markedly increased numbers of DSBs, defective cell-cycle 

progression, and apoptosis (Toro et al., 2018). Using postmortem neural tissue from 18-

month-old Ubtf+/− mice, we did not detect statistically significant evidence of abnormal 

DNA damage with the comet assay or γ-H2A.X ELISA. However, increased cerebellar 

53BP1-IR was detected in the Ubtf+/− mice suggesting that morphological assessment of 

DNA damage may be more sensitive than whole tissue ELISA and comet assays. In future 

studies, more mechanistic approaches will be required to link specific molecular and cellular 

consequences of Ubtf1 and/or Ubtf2 deficiency to the development of late-onset cognitive, 

behavioral, and motor dysfunction in Ubtf+/− mice.

4. Materials and methods

4.1. Heterozygous germline deletion of Ubtf

All mouse experiments were performed in accordance with the National Institutes of 

Health’s Guidelines for the Care and Use of Laboratory Animals and approved by our 

Institutional Animal Care and Use Committee. Experiments utilized Ubtf+/− mice along with 

sex-matched isogenic Ubtf+/+ littermates. Derivation and genotyping of Ubtf+/− mice was 

Hori et al. Page 10

Brain Res. Author manuscript; available in PMC 2024 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detailed in previous work (Hamdane et al., 2014; Toro et al., 2018). Serial and quantitative 

behavioral, cognitive, and sensorimotor testing (cross maze, grip strength, dominance 

tube, rotarod, open-field activity, raised-beam task, vertical rope climbing, DigiGait™ gait 

analysis) were completed from the early postnatal period through late adulthood (18 mo). 

Hot-plate analgesia testing and Morris water maze were only completed at 18 months. At 

each age (3, 6, 12, and 18 months), testing occurred over a time window of 14 days. Data 

from mice that died or were euthanized for other studies prior to 18 months were not 

included in repeated measures analyses. Moreover, some mice did not reliably participate 

in certain tests, particularly gait analyses such that group sizes differ among specific tests. 

Upon completion of behavioral, cognitive, and sensorimotor testing, mice were euthanized 

(pentobarbital overdose, > 100 mg/kg) for molecular and morphological studies. Behavioral 

testing and post-mortem analyses were blinded to sex and genotype.

4.2. Conditional knockout of Ubtf in the central nervous system

Hemizygous B6.Cg-Tg(Nes-cre)1Kln/J (nestin-Cre) male and female mice were bred to 

male and female Ubtffl/fl mice through two generations. F1 mice were genotyped for the cre 
and floxed Ubtf alleles. Ubtffl/fl mice were bred to Ubtf+/fl_nestin-Cre mice. F2 Postnatal 

Day 0 pups were decapitated, and RNA was extracted from brain. A total of 6 litters were 

assessed.

4.3. Tamoxifen-induced Ubtf Knockdown in Adult Mice

Gt(ROSA)26Sor<tm1(cre/ERT2)Tyj> mice [Gt(ROSA)26Sortm1(cre/ERT2)Tyj], The Jackson 

Laboratory, Bar Harbor, ME, USA] were crossed to Ubtffl/fl floxed mice. Three-month-old 

F2 generation mice of the desired genotype (Gt(ROSA)26Sortm1(cre/ERT2)Tyj_ Ubtffl/fl) were 

treated with tamoxifen (75 mg/kg, i.p., q.d.) for 5 consecutive days and then monitored for 

an additional 5 days prior to euthanasia. Tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) 

was solubilized at a concentration of 10mg/ml in corn oil (Sigma-Aldrich) containing 5% 

ethanol. Ubtf+/+ and Ubtf+/− mice were also injected with tamoxifen and served as controls. 

Mice underwent behavioral testing 8 days after the initial injection of tamoxifen and then 

euthanized 2 days later for RNA extraction from brain.

4.4. Behavioral testing

4.4.1. Vertical rope climbing—Mice were acclimated to a vertical 40-cm long, 10-mm 

thick rope prior to testing. The bottom of the rope was suspended 15 cm above a padded 

base and the top entered an escape box. Three trials with at least 5-min inter-trial intervals 

were completed for each mouse.

4.4.2. Raised-beam task—Mice were acclimated to an 80-cm long, 26-mm wide beam 

elevated 50 cm above a padded foundation. A 60W lamp at the start served as an aversive 

stimulus whereas the opposite end of the beam entered an escape box. After initial runs, 

trials were completed with 12-mm and 9-mm beams, and 12-mm and 9-mm rods. Inter-trial 

intervals were at least 5 min.

4.4.3. Grip strength analysis—Mice were held by the scruff of the neck with one hand 

and the base of the tail with the other hand. Mice were free to grasp a metal grid attached 
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to a grip strength meter (Columbus Instruments, Columbus, OH, USA) as they are moved 

along the axis of the grid. Maximal grip strength (g) was measured in triplicate trials with a 

minimal inter-trial interval of 5 min.

4.4.4. Rotarod—Mice were acclimated to a Rotamex-5 rotarod (Columbus Instruments) 

rotating at 5 revolutions per minute (rpm) for 5 min on the day prior to data acquisition. 

On the following day, mice were exposed to a 30 s acclimation period at 4 rpm followed 

by an acceleration of 4 rpm every 30 s to a target of 40 rpm at 5 min. Mice were given 3 

trials at the same time each day for 5 consecutive days. Mean values were used for statistical 

comparisons.

4.4.5. Morris water maze—The test was performed in a circular pool, approximately 

1.5 m in diameter, filled with opaque water (25 °C) using non-toxic white tempera paint 

(Crayola), as previously described (Khan et al., 2018). The depth of the water was 30 cm, 

and the walls were sufficiently high so that mice could see external visuospatial cues but 

not escape from the pool. An escape platform measuring approximately 10 × 10 cm was 

submerged 1 cm below the surface of the water. Mice were trained for three days using 

a visible platform. Mice were allowed to swim for 60 s until they located the platform. 

Latency times for mice to reach the platform were recorded for each trial. On the final day 

a probe trial was given, in which the platform was removed from the pool, all mice swam 

for 60 s, and the percentage of time spent in the target quadrant was calculated. During the 

entire duration of the task, an experimenter was present and observing the mice. If there was 

any indication that the mouse was struggling or in danger of drowning, it was removed from 

the pool immediately and excluded from the study. The entire test was recorded with a video 

camera mounted on the ceiling. Data was analyzed with ANY-maze software (Stoelting Co., 

Wood Dale, IL, USA). Mice were tested once for 6 days with the probe trial on Day 7.

4.4.6. Gait analysis—The DigiGait™ imaging system consists of a motorized treadmill 

with a digital camera positioned below a transparent belt (Mouse Specifics Inc., Boston, 

MA). For each mouse, the location and timing of each paw contact on the belt was 

automatically recorded at a belt speed of 20 cm/s for 5 s. A minimum of 800 video frames 

collected at 160 frames/s was digitized and gait parameters were calculated for both the 

forelimbs and hindlimbs by the accompanying software. Three trials with 30 min inter-trial 

intervals were completed for each mouse at 3, 6, 12 and 18 months. Median values at each 

age were used for statistical analyses.

4.4.7. Cross-maze analysis—The testing apparatus consisted of 4 radial arms, each 25 

cm-long, and a camera along with ANY-maze software. Mice were placed into the apparatus 

for 5 min and entries into each arm were recorded sequentially using an ABCD format with 

each letter representing an individual arm of the maze. Alternation was counted if mice went 

into radial arms sequentially (% alternations = 100 × total alternations / [total entries − 3]). 

Each mouse was tested once at 3, 6, 12 and 18 months.

4.4.8. Open-field activity assay—Mice were placed in activity monitors (MED 

Associates, Inc., Georgia, VT, USA) for 10-min sessions. The activity monitors measure 

27 × 27 cm, with 16 infrared photocell beams equally spaced in the x and y axes of the 
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horizontal plane, 1 cm from the floor of the chambers. An additional array of 16 photocells 

is situated 5 cm above the floor to track rearing. All tests were conducted in the dark. One 

hour prior to testing, cages were moved from the housing racks to a quiet anteroom adjacent 

to the testing room. Following this period of habituation, animals were removed from 

their home cage, immediately placed in the center of the open field, and allowed to freely 

explore the apparatus for a test interval of 10 min. Animals were scored for total distance 

traveled, ambulatory count, stereotypic count, vertical count, jump count, average velocity, 

and ambulatory episodes. Ambulatory count: the total number of X + Y photo beam breaks 

while in ambulatory movement status. Stereotypic count: any partial-body movements that 

occur within the ambulatory box such as grooming, head-weaving, or scratching. Vertical 

count: number of periods of continuous Z photo beam breaks. Jump count: the number of 

times that the mouse leaves the photo beam array for a period of time. Ambulatory episodes: 

the number of times the mouse has started moving after the resting delay has expired. The 

data recorded during testing was scored in post-session analyses using Activity Monitor 

5.1 (MED Associates). The testing apparatus was cleaned with a 70% ethanol solution and 

allowed to air dry between mice. Mice were given 1 trial at the same time daily for 3 

consecutive days at 3 mo., 6 mo., 12 mo., and 18 mo. Median values of activity parameters 

were used for statistical comparisons.

4.4.9. Dominance tube—Ubtf+/+ and Ubtf+/− mice were released into opposite ends of 

a dark, narrow tube (30-cm long). Ubtf+/+ and Ubtf+/− mice interacted in the tube and the 

more dominant or aggressive mouse forcing its opponent out of the tube. When one mouse 

had all four paws out of the tube, it was declared the loser while the mouse remaining inside 

the tube was the winner, ending the match. The number of wins was reported as a percentage 

of the total number of matches. The match was deemed a draw when both mice remained in 

the tube greater than 120 s (Khan et al., 2018; Xiao et al., 2016; Xiao et al., 2017).

4.4.10. Nociception assay—Mice were placed on a Hot-Plate Analgesia Meter which 

consists of a hot plate with builtin digital thermometer confined by a clear acrylic enclosure 

(Columbus Instruments, Columbus, OH, USA). The stage of the hot plate was set to 55 

°C. Individual mice were placed on the stage as the timer was started using a foot pedal. 

The time to the first sign of nociception including paw licking, flinching, or jumping was 

recorded as the latency and the mouse was immediately removed from the hot plate. A 

cut-off period of 20 s was maintained to avoid damage to the paws. The assay was performed 

for three days. Three trials were conducted each day with a minimum of 15 min between 

each trial. Median values from each day were used to calculate means for each mouse.

4.5. QRT-PCR

Relative levels of mouse Ubtf mRNA, 18S, 28S and 45S were determined in the cerebral 

cortex and hippocampus of 18 mo. Ubtf+/− and Ubtf+/− mice (n= 3/genotype) using primer 

pairs targeting different regions of Ubtf for Isoform 1 or all isoforms (Supplementary 

Material, Table S3). TaqMan-based QRT-PCR was performed with a LightCycler® 480 

System (Roche, Indianapolis, IN, USA). Mouse β-actin was used as an endogenous control. 

Detailed methods are provided in previous work from our laboratories (Toro et al., 2018; 

Xiao et al., 2016).
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4.6. Comet assay

Alkaline comet assays were performed using cerebellar cortex and striatum from 18-month-

old Ubtf+/− and Ubtf+/+ (N = 3 males/genotype) using Trevigen’s CometAssay kit (Trevigen, 

Gaithersburg, MD, USA). Tissues were homogenized with glass homogenizer and washed 

in ice-cold Ca2+/Mg2+-free 1X phosphate buffered saline (PBS). Approximately 1 × 105 

cells were mixed with 500 μl of pre-warmed low melting agarose (1:10, v/v) and 50 μl of 

the mixture was plated onto a slide (CometSlide™, Trevigen). After agarose solidified and 

attached to the slides, the slides were immersed in pre-chilled lysis solution overnight at 4 

°C, then in alkaline unwinding solution (200 mM NaOH and 1 mM EDTA) for one hour at 4 

°C. Electrophoresis was performed in pre-chilled alkaline electrophoresis solution (200 mM 

NaOH and 1 mM EDTA) at 4 °C for 30 min at 21 V. The slides were then washed twice 

with distilled water for 5 min, followed by a 5 min incubation with 70% ethanol. Slides were 

air-dried at 37 °C for 15 min in the dark and the agarose gels were stained with SYBR™ 

Gold for 30 min at room temperature. After SYBR™ Gold was removed and slides were 

air-dried, images were acquired with fluorescence microscopy. For each sample, 100 cells 

were selected randomly selected to quantify the percentage of tail DNA using automated 

OpenComet v1.3.1 (Gyori et al., 2014). Assays were carried out in triplicate and analyzed by 

an investigator blinded to genotype.

4.7. γ-H2A.X ELISA

A PathScan® Phospho-Histone H2A.X (Ser139) Sandwich ELISA Kit was used to quantify 

endogenous levels of γ-H2A.X (Ser139) in the brains (cerebellum and striatum) of 

18-month-old Ubtf+/− mice and Ubtf+/+ littermates. Brain tissues were lysed in buffer 

containing Halt™ protease and phosphatase inhibitor cocktail and pipetted into the wells 

of a coated plate. The plate was incubated overnight at 4 °C. After incubation and washing, 

a phospho-histone H2A.X (Ser139) mouse antibody was added into each well to detect 

the captured phospho-histone H2A.X protein. Horseradish peroxidase (HRP)-conjugated 

affinity-purified anti-mouse antibody was added to recognize the bound detection antibody. 

Following a wash to remove any unbound antibody–enzyme reagent, a substrate solution 

was added to the wells and color developed in proportion to the amount of bound protein. 

The reaction was terminated by the addition of stop solution. The absorbance was measured 

at 450 ηm with a microtiter plate reader (SpectraMax M2e, Molecular Devices, San Jose, 

CA, USA).

4.8. Di-methyl histone H3K4 quantification

The global changes in histone H3K4 di-methylation were determined using an EpiQuik™ 

Global Di-Methyl Histone H3-K4 Quantification Kit (Cat. P-3022, EpiGentek Group Inc., 

NY, USA). Total histone proteins from the cerebellae and striata of 18-month-old Ubtf+/− 

mice and Ubtf+/+ littermates were extracted by treatment with pre-lysis, lysis, and balance 

buffers according to the manufacturer’s instructions. Absorbance was measured at a 450 ηm 

with a SpectraMax M2e microtiter plate reader.
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4.9. 53BP1 immunohistochemistry

Ubtf+/− mice and Ubtf−/− littermates were overdosed with pentobarbital (> 100 mg/kg) 

and transcardially perfused, first with ice cold saline and then 4% paraformaldehyde in 

0.1M phosphate buffer (pH 7.4). Brains were postfixed with 4% paraformaldehyde, and 

cryoprotected with 30% sucrose in 0.1M phosphate buffered saline (PBS). Brains were 

sectioned on a cryostat at 20 μm. Sections through the cerebellum were rinsed with 

PBS followed by blocking with 2.5% bovine serum albumin (BSA), 1% goat serum, 

and 0.3% Triton X-100. Sections were incubated overnight with primary antibodies for 

53BP1 (ab175933; abcam, Boston, MA, USA), and calbindin D-28K (Sigma-Aldrich). 

The following day, slides were rinsed in PBS and incubated in secondary antibody 

(1:500 dilutions of goat anti-rabbit IgG conjugated to AlexaFluor488, or goat anti-

mouse IgG conjugated to AlexaFluor555, Thermo-Fischer) and finally stained with DAPI 

(Thermo-Fischer) to label nuclei. Slides were then washed in PBS and mounted using 

ProLong™ Diamond antifade mountant (Thermo-Fischer). Three non-contiguous sections 

from the cerebellum of each mouse were analyzed for 53BP1 immunoreactive neurons. 

Approximately 100 DAPI+ neurons per section were assessed for 53BP1 immunoreactivity 

and the percentage of 53BP1 immunoreactive neurons was calculated for each mouse.

4.10. Routine histochemistry

Perfusion-fixed (4% paraformaldehyde) brains from 18-month-old Ubtf+/− mice (2 male, 2 

female) and matched controls were sectioned on a cryostat in the frontal plane and processed 

with Luxol fast blue, cresyl violet, and H & E stains. Slides were examined for by two 

investigators blinded to genotype.

4.11. Brain weights

After pentobarbital overdose, mice were perfused with cold saline and then decapitated. 

Brains were removed and section rostrally at the frontal pole and caudally at the pyramidal 

decussation and weighted immediately.

5. Conclusions

Mice are not men and the study of neurodegenerative disorders including neuroregression 

syndromes is, at least in part, limited by the lifespan of mice. Here we have detailed 

cognitive, behavioral, and motor functioning during the lifespan of Ubtf+/− mice and 

identified marked behavioral and cognitive impairments and modest motor abnormalities, 

predominantly at 18 months of age. When integrated with previous molecular and cellular 

studies using tissues from humans with the UBTF E210K syndrome and engineered mice 

harboring the E210K mutation (Edvardson et al., 2017; Toro et al., 2018; Tremblay et al., 

2022), our findings suggest that UBTF loss-of-function mutations are likely deleterious in 

humans and the human E210K variant may cause neural dysfunction through both loss- 

and gain-of-function mechanisms at the molecular level. Our findings and conclusions 

should inform clinical geneticists and provide a platform for the development of targeted 

therapeutics for patients the E210K and other mutations in UBTF.

Hori et al. Page 15

Brain Res. Author manuscript; available in PMC 2024 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• UBTF is essential for embryogenesis and survival in adults

• Ubtf+/− mice show significant deficits in spatial learning and memory

• The deleterious effects of UBTF haploinsufficiency progress with age

• Loss-of-function mechanisms may contribute to the UBTF E210K 

neuroregression syndrome
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Fig. 1. 
Repeated measures analysis of vertical rope climbing in 74 mice (A), weight normalized 

vertical rope climbing in 74 mice (B), 12 mm raised round beam task in 72 mice (C), 9 

mm raised round beam task in 72 mice (D), weight normalized grip strength in 74 mice (E), 

accelerating rotarod in 68 mice (F), cross maze analysis in 71 mice (G), and tube dominance 

in 78 mice (H). *, adjusted P < 0.05 Šídák’s multiple comparisons test
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Fig. 2. 
Cerebellar 53BP1 immunoreactivity (green) in cerebellar cortex from Ubtf+/+ (N = 3) and 

Ubtf+/− (N = 3) mice. Calbindin immunoreactivity (red) is used to label Purkinje cells 

and define the layers of cerebellar cortex. Nuclei are labeled with DAPI. Graph shows 

percentages of 53BP1-positive (+ve) cells. Scale bar, 100 μm.
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Table 1.

Phenotypes of Ubtf +/− Mice at 18 mo

Ubtf+/+ Male Ubtf+/− Male Ubtf+/+ Female Ubtf+/− Female

Body weight (g) 33.4±0.9 (N=18) 30.5±0.4* (N=20) 26.6±0.7 (N=18) 28.0±0.7 (N=19)

Brain weight (g) 0.460±0.006 (N=7) 0.440±0.005 (N=7) 0.456±0.005 (N=6) 0.446±0.007 (N=6)

Rope climb (s) 4.32±0.23 (N=17) 6.34±0.44* (N=19) 3.86±0.24 (N=18) 4.55±0.28 (N=19)

Normalized rope climb (s/g) 0.13±0.01 (N=17) 0.22±0.02* (N=19) 0.15±0.01 (N=18) 0.16±0.01 (N=19)

Grip strength (g) 350.6±5.2 (N=18) 338.3±5.8 (N=19) 313.0±5.0 (N=18) 320.0±4.4 (N=19)

Normalized grip strength (g/g) 10.49±0.21 (N=18) 11.28±0.21 (N=19) 12.30±0.34 (N=18) 11.71±0.24 (N=19)

Rotarod Day 5 (s) 118.3±9.6 (N=15) 96.3±5.0* (N=19) 112.3±8.4 (N=17) 95.0±7.1* (N=17)

Raised Beam slips

12 mm square 1.50±0.21 (N=18) 1.48±0.22 (N=18) 1.28±0.16 (N=18) 1.16±0.15 (N=18)

9 mm square 2.56±0.36 (N=18) 3.78±0.79 (N=18) 2.12±0.24 (N=18) 2.39±0.34 (N=18)

12 mm round 4.48±0.32 (N=18) 8.23±1.45* (N=18) 3.79±0.38 (N=18) 4.52±0.68 (N=18)

9 mm round 3.39±0.70 (N=18) 13.3±2.15* (N=18) 7.52±1.46 (N=18) 8.47±2.19 (N=18)

Open field activity

Distance traveled (cm) 1081.1±103.5 (N=20) 1393.8±76.8* (N=20) 1470.4±111.5 (N=18) 1433.4±52.7 (N=19)

Ambulatory count 583.4±53.5 (N=20) 717.9±44.7 (N=20) 765.7±66.0 (N=18) 758.5±31.5 (N=19)

Stereotypic count 1403.2±69.5 (N=20) 1645.2±47.6* (N=20) 1608.8±66.5 (N=18) 1491±52.9 (N=19)

Vertical count 59.6±7.5 (N=20) 48.3±4.2 (N=20) 48.9±5.1 (N=18) 38.7±3.7 (N=19)

Jump count 13.5±2.8 (N=20) 10.2±1.4 (N=20) 21.5±2.5 (N=18) 14.4±2.3 (N=19)

Average velocity (cm/s) 31.5±0.9 (N=20) 32.6±0.6 (N=20) 32.2±1.3 (N=18) 30.6±0.7 (N=19)

Ambulatory episodes 48.5±3.9 (N=20) 57.7±3.4 (N=20) 61.4±4.0 (N=18) 59.4±2.3 (N=19)

DigiGait™

Propel (s) Forelimb 0.120±0.004 (N=11) 0.111±0.006 (N =12) 0.121±0.005 (N=15) 0.122±0.004 (N=15)

Propel (s) Hindlimb 0.185±0.005 (N=11) 0.187±0.007 (N=12) 0.191±0.004 (N=15) 0.204±0.015 (N=15)

Stride length (cm) Forelimb 6.65±0.13 (N=11) 6.61±0.16 (N=12) 7.06±0.14 (N=15) 7.18±0.13 (N=15)

Stride length (cm) Hindlimb 6.71±0.12 (N=11) 6.70±0.14 (N=12) 7.12±0.15 (N=15) 7.68±0.46 (N=15)

 Stride frequency (steps/s) Forelimb 3.04±0.07 (N=11) 3.02±0.08 (N=12) 2.83±0.06 (N=15) 2.77±0.06 (N=15)

 Stride frequency (steps/s) Hindlimb 3.03±0.06 (N=11) 2.99±0.07 (N=12) 2.82±0.07 (N=15) 2.96±0.21 (N=15)

Stance width (cm) Forelimb 1.84±0.06 (N=11) 1.84±0.02 (N=12) 1.88±0.04 (N=15) 1.88±0.04 (N=15)

Stance width (cm) Hindlimb 3.05±0.07 (N=11) 3.20±0.06 (N=12) 3.01±0.06 (N=15) 3.10±0.08 (N=15)

Step angle (deg) Forelimb 66.27±1.41 (N=11) 63.61±1.63 (N=12) 64.50±1.27(N=15) 61.44±1.42 (N=15)

Step angle (deg) Hindlimb 52.62±1.45 (N=11) 51.40±1.69 (N=12) 53.13±1.14 (N=15) 55.30±0.96 (N=15)

Paw area (cm2) Forelimb 0.448±0.014 (N=11) 0.438±0.013 (N=12) 0.362±0.012 (N=15) 0.390±0.010 (N=15)

Paw area (cm2) Hindlimb 0.764±0.031 (N=11) 0.740±0.015 (N=12) 0.674±0.022 (N=15) 0.731±0.045 (N=15)

Tube dominance (%) 28.8±6.2 (N=20) 71.2±6.2* (N=20) 16.8±0.5 (N=19) 83.2±0.5* (N=19)

Cross maze (%) 27.7±2.4 (N=17) 21.0±1.7 (N=18) 32.0±2.8 (N=18) 27.5±2.4 (N=18)
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Ubtf+/+ Male Ubtf+/− Male Ubtf+/+ Female Ubtf+/− Female

Morris water maze

Day 6 escape latency(s) 12.68±1.43 (N=15) 24.89±2.51* (N=15) 17.05±1.39 (N=15) 29.57±4.03* (N=15)

 Probe - time in target quadrant (s) 25.13±2.73 (N=15) 19.76±1.60 (N=15) 22.69±1.41 (N=15) 18.84±2.32 (N=15)

Nociception latency (s) 10.04±0.44 (N=18) 12.16±0.86* (N=19) 10.09±0.47 (N=18) 12.92±0.62* (N=19)

Values ± standard error of the mean (SEM).

*
P < 0.05, within sex.
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Table 2.

Expression of Ubtf and rRNA at 18 months

Cerebral Cortex Hippocampus

Ubtf +/+ Ubtf +/− Ubtf +/+ Ubtf +/−

Ubtf Total 1.00 ± 0.03 0.58 ± 0.01* 0.68 ± 0.05 0.45 ± 0.01*

Ubtf1 1.00 ± 0.03 0.77 ± 0.03* 0.65 ± 0.02 0.58 ±0.02

18S rRNA 1.00 ± 0.02 0.83 ± 0.05 0.97 ± 0.07 0.72 ± 0.04

28S rRNA 1.00 ± 0.04 0.84 ± 0.08 0.69 ± 0.02 0.66 ±0.02

45S rRNA 1.00 ± 0.05 1.12 ± 0.04 0.73 ± 0.02 0.83 ±0.03

*
P < 0.05
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