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Abstract

Patients with sickle cell disease (SCD) can develop strokes and as a result, present neurologic and 

neurocognitive deficits. However, recent studies show that even without detectable cerebral 

parenchymal abnormalities on imaging studies, SCD patients can have significant cognitive and 
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motor dysfunction, which can present as early as during infancy. As the cerebellum plays pivotal 

roles in motor and non-motor functions including sensorimotor processing and learning, we 

examined cerebellar behavior in humanized SCD mice using the Erasmus ladder. Homozygous 

(sickling) mice had significant locomotor malperformance characterized by miscoordination and 

impaired locomotor gait/stepping patterns adaptability. Conversely, Townes homozygous mice had 

no overall deficits in motor learning, as they were able to associate a conditioning stimulus (high-

pitch warning tone) with the presentation of an obstacle and learned to decrease steptimes thereby 

increasing speed to avoid it. While these animals had no cerebellar strokes, these locomotor and 

adaptive gait/stepping patterns deficits were associated with oxidative stress, as well as cerebellar 

vascular endothelial and white matter abnormalities and blood brain barrier disruption, suggestive 

of ischemic injury. Taken together, these observations suggest that motor and adaptive locomotor 

deficits in SCD mice mirror some of those described in SCD patients and that ischemic changes in 

white matter and vascular endothelium and oxidative stress are biologic correlates of those 

deficits. These findings point to the cerebellum as a cerebral region that is vulnerable to vascular 

and white matter injury and support the use of SCD mice for studies of the underlying 

mechanisms of cerebellar dysfunction in SCD.
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1. Introduction

In sickle cell disease (SCD), polymerization of sickle hemoglobin leads to sickling of red 

blood cells, hemolysis, vaso-occlusion, chronic anemia, inflammation, and vascular 

endothelial injury. As a result, SCD patients face lifetime complications including acute and 

chronic pain, multiorgan system damage, and decreased life expectancy. Complications 

involving the central nervous system, which include overt and silent cerebral infarcts, 

transient ischemic attacks, acute and chronic headaches, seizures, and neurocognitive 

deficits are rather prevalent in SCD (DeBaun and Kirkham, 2016; Farooq and Testai, 2019; 

Stotesbury et al., 2019; Vichinsky et al., 2010). Studies correlating abnormalities in imaging 

studies with neuropsychological testing demonstrate that in children and adults, silent and 

clinical strokes are associated with significant neurologic and neurocognitive deficits in 

domains of learning and memory, visual motor integration, visual processing, and processing 

speed (DeBaun et al., 1998; Mackin et al., 2014; Stotesbury et al., 2019). However, recent 

studies show that SCD patients even without detectable parenchymal abnormalities on brain 

imaging can have significantly reduced global cognitive function, working memory, 

processing speed and impaired executive function (Newby et al., 2018; Steen et al., 2003; 

Vichinsky et al., 2010; Wang et al., 2001). Conversely, others have shown that despite the 

absence of clinical symptoms and grey matter abnormalities, some SCD patients can have 

profound global white matter volume loss (6.8–8.1%) in the frontal, parietal and temporal 

lobes, corpus callosum, right brainstem and right cerebellum (Choi et al., 2017). Together, 

these data suggest that structural abnormalities identified by existing imaging modalities can 

be sufficient but are not necessary for the development of neurocognitive deficits in SCD 

patients (Choi et al., 2019; Glass et al., 2013; Kawadler et al., 2013; Stotesbury et al., 2019).
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While locomotor deficits have not been characteristically described in SCD patients, 

locomotion and gait adaptability have not been systematically studied. However, there is 

growing evidence that the cerebellum and some cerebellar functions could be affected in 

SCD patients (Kawadler et al., 2013; Newby et al., 2018; Scantlebury et al., 2011). Studies 

using magnetic resonance imaging show significant reduction in cerebellar volume in some 

SCD patients independently of the presence of infarcts (Kawadler et al., 2013). Others 

showed that cerebellar white matter is altered in SCD patients and that these changes are 

associated with impaired processing speed in neurocognitive tests (Scantlebury et al., 2011). 

Still others have recently demonstrated that in SCD patients, the cerebellum has stronger 

connections to areas involved in pain inhibition such as the periaqueductal gray matter, and 

lesser connectivity to pain processing areas (Case et al., 2017) compared to healthy subjects. 

While core cerebellar functions have traditionally involved locomotor coordination, motor 

speed, and balance, it has become abundantly clear that the cerebellum is involved in non-

motor functions including sensory processing, learning, and emotionality (Baillieux et al., 

2008; Salman and Tsai, 2016). In fact, a number of human and animal studies demonstrate 

that cerebellar damage can be associated with adaptive motor learning alterations and 

cognitive and affective processes impairment (Baillieux et al., 2008). The cerebellum is also 

known to be involved in pain processing, which is highly relevant for SCD patients, as pain 

is a highly prevalent symptom (Apkarian et al., 2005). Therefore, increasing evidence 

suggests that cerebellar involvement may significantly contribute to neurocognitive deficits 

and pain processing in SCD.

Two well studied humanized mouse models of SCD, Townes and BERK strains, have been 

shown to display many of the phenotypes of human sickle cell trait (heterozygous) and SCD 

(homozygous) (Khaibullina et al., 2015; Khaibullina et al., 2018; Wang et al., 2016; Wang et 

al., 2018). These animals express normal and sickle human hemoglobin, exhibit hemolysis, 

severe anemia and leukocytosis, as well as severe organ dysfunction. We have previously 

shown that homozygous SCD mice have neurocognitive and memory deficits, decreased 

exercise capacity, and altered mood and emotionality (Wang et al., 2016; Wang et al., 2018). 

While these animals do not have strokes in early adulthood, the behavioral deficits in SCD 

mice are associated with significant morphologic alterations in the hippocampus and 

cerebellum, thus suggesting that the cerebellum and hippocampus are susceptible to injury in 

SCD mice (Wang et al., 2016). In this investigation, we sought to characterize cerebellar 

function in the SCD mouse model and to identify biologic correlates of cerebellar deficits.

2. Results

2. 1. Sickle cell mice have significant locomotor miscoordination

One hundred and thirty eight Townes (Wu et al., 2006) and BERK (Paszty et al., 1997) SCD 

mice were used in this study. As we included male and female mice in controls, 

heterozygote, and homozygous groups and examined the effect of sex on most variables, we 

show data by sex, genotype, and session. Using the Erasmus Ladder task, a fully automated 

instrument, we examined walking patterns, motivation, interlimb coordination, locomotion 

gait/stepping pattern adaptability, and adaptive cerebellar motor learning in SCD Townes 

mice, during unperturbed (daily sessions one to four, when no obstacles are presented) and 
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perturbed sessions (sessions five to eight, when an obstacle was presented on the mouse path 

with or without a warning sound).

We first examined the percentage of missteps (steps in which the mouse made a faulty 

movement onto the lower misstep rung), a measure of interlimb coordination (Vinueza Veloz 

et al., 2015). In animals from all genotypes (controls, heterozygotes, and homozygotes), the 

percentage of missteps varied according to session. Regardless of sex and genotype, over the 

four unperturbed sessions (sessions one to four), mice displayed an overall decrease in 

percentage of missteps. Conversely, during perturbed sessions there were increases on 

percentage of missteps compared to session four, the last unperturbed session (all p<0.0001 

Figure 1A–C, supplemental Figure 1A). However, overall, controlling for session and sex, 

homozygous Townes displayed significant interlimb miscoordination, as they committed 

more missteps than heterozygotes and controls (overall effect of genotype, p=0.031, Figure 

1A–C, and supplemental Figure 1A). Controlling for genotype and sessions, overall, males 

and females mice displayed similar percentage of missteps (p=0.496, Figure 1A–C). 

However, ad-hoc analysis indicated that among homozygous Townes, male mice, compared 

to females, displayed higher percentage of missteps on sessions three (p=0.003), five 

(p=0.0012) and six (p=0.031), Figure 1C.

We then examined the percentage of backsteps [steps made in the direction opposite to that 

of the tail-wind (backwards) in an attempt to return to the originating shelter box], a variable 

thought to reflect decreased motivation to complete the trials (Sathyanesan et al., 2018a; 

Vinueza Veloz et al., 2015). The effect of genotype on backsteps percentage varied by 

session and by sex as there were genotype by session (p=0.012) and genotype by sex 

(p=0.016) interactions (Figure 1D–F). Overall, during unperturbed sessions, control, 

heterozygous, and homozygous mice displayed similar percentage of backsteps 

(supplemental Figure 1B). However, during perturbed sessions, compared to controls, 

homozygous Townes displayed a higher percentage of backsteps in sessions six (p=0.017) 

and seven (p=0.0054) and compared to heterozygotes in sessions seven (p=0.015) and eight 

(p=0.028), supplemental Figure 1B. We also found that among controls and heterozygotes, 

male and female mice displayed similar percentage of backsteps in all sessions (all, p>0.027, 

Figure 1D–E). In contrast, among homozygous Townes, males displayed higher percentages 

of backsteps compared to females during some unperturbed (sessions three and four) and 

perturbed sessions (five-eight), Figure 1F. Further, controlling for session, females of all 

genotypes had similar percentage of backsteps (p≥0.149). In contrast, male homozygous 

mice displayed a higher percentage of backsteps compared to male controls (p=0.003) and 

heterozygotes (p=0.025), Figure 1D–F.

2.2. Sickle cell mice have gait/stepping pattern adaptability deficits

We then conducted an overall assessment of multi-joint limb control, coordination 

capabilities and gait/stepping patterns adaptability by measuring the percentage of short and 

long steps as well as jump steps during unperturbed and perturbed sessions (Figures 2 and 3, 

supplemental Figure 2 and 3). Homozygous and heterozygous Townes displayed altered 

stepping patterns compared to controls in a way that varied according to session and sex.
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Regarding short steps, controlling for sex and genotype, during perturbed sessions, animals 

displayed decreases in percentage of short steps compared to the last unperturbed session 

(all p≤0.0001, Figure 2A–C). Among controls, heterozygotes, and homozygotes there were 

differences in stepping patterns that varied by sex and session (p=0.0075 for genotype by 

session by sex interaction, Figure 2A–C). Among controls, male and females displayed 

similar percentage of short steps during unperturbed and perturbed sessions (Figure 2A). In 

contrast, among heterozygotes, female mice displayed higher percentage of short steps 

compared to males during unperturbed sessions (all p≤0.012). Lastly, among homozygotes, 

female mice displayed higher percentage of short steps compared to males in all sessions 

except during the first unperturbed session (all p<0.016, Figure 2C). Overall, controlling for 

session, female homozygous displayed higher, whereas male homozygotes lower percentage 

of short steps compared to female and male control mice respectively. Overall, controlling 

for sex, on the last unperturbed session, compared to controls, homozygous (p=0.038) and 

heterozygous (p=0.015) Townes had lower percentage of short steps (supplemental Figure 

2A). Additionally, during perturbed session six, homozygotes had a higher percentage of 

short steps compared to heterozygotes (p=0.008, supplemental Figure 2A).

Regarding long steps, controlling for sex and genotype, during perturbed sessions (five-

eight), coupled with decreases in short steps as indicated above, animals displayed increases 

in percentage of long steps compared to the last unperturbed session (all p≤0.0101, Figure 

2D–F). Additionally, there was a modest effect of genotype (p=0.047, Figure 2 and 

supplemental Figure 2) and controlling for session and sex, homozygous Townes had a 

lower percentage of long steps compared to heterozygotes (p=0.015, supplemental Figure 

2B). However, we found that there was a genotype by session by sex interaction (p=0.0024, 

Figure 2D–F) indicating that there were differences in percentage of long steps displayed by 

controls, heterozygotes, and homozygotes, which varied according to sex and session. 

Specifically, among control mice, male and females displayed similar percentage of long 

steps during all sessions (all p>0.108, Figure 2D). Among heterozygotes, during unperturbed 

sessions, male mice displayed a higher percentage of long steps (all p≤0.024) compared to 

female heterozygotes. In contrast, among homozygotes, male mice also displayed greater 

percentage of long steps compared to female homozygous in all sessions after the first 

unperturbed session (all p≤0.021, Figure 2F). Overall, controlling for session, female 

homozygotes displayed lower (p=0.016) whereas male homozygotes similar (p=0.179) 

percentage of long steps compared to female and male controls respectively Figure 2D and 

2F.

Regarding jump steps, overall controlling for sex and genotype, during perturbed sessions, 

animals displayed increases in percentage of jump steps compared to the last unperturbed 

session (all, p<0.0001, Figure 3A–C and supplemental Figure 3). There was also a modest 

effect of genotype (p=0.046, Figure 3 and supplemental Figure 3). Controlling for session 

and sex, heterozygous Townes displayed similar percentage compared to homozygotes 

(p=0.103) but a greater percentage of jump steps compared to controls (p=0.014, 

supplemental Figure 3). However, there was a genotype by session by sex interaction 

(p<0.0001, Figure 3A–C) indicating that there were differences in percentage of jump steps 

among controls, heterozygotes, and homozygotes, which varied according to sex and 

session. Among control mice, male and females showed similar percentage of jump steps 
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during all sessions except for the last perturbed sessions when male controls displayed a 

higher percentage of jumps compared to females (p=0.034, Figure 3A). In heterozygotes, 

during all unperturbed and perturbed sessions five and seven, male and females had similar 

percentage of jump steps. However, on session six, males had higher (p=0.044) and in 

session eight lower (p=0.001) percentage of jumps compared to female heterozygotes, 

Figure 3B. Homozygous males and females displayed similar percentage of jumps in all 

unperturbed sessions and in perturbed sessions six and seven (all p>0.089, Figure 3C). In 

contrast, homozygous males had higher percentage of jumps compared to females in 

perturbed sessions five (p=0.043) and eight (p=0.0001), Figure 3C.

2.3. Sickle cell mice have intact motor learning

Using the Erasmus Ladder, we also examined adaptive cerebellar motor learning by 

comparing rung activation steptimes in male and female control, heterozygous, and 

homozygous Townes (Figure 4 and supplemental Figure 4). During the first perturbed 

session, one typically observes an increase in post perturbation steptime. Over subsequent 

perturbed sessions, mice associate the conditioning stimulus (high pitch warning tone) with 

presentation of the obstacle and begin to adapt their gait/stepping pattern by decreasing 

steptimes thereby increasing speed to overcome the obstacle. During unperturbed sessions, 

when no obstacles were presented, overall, homozygous and heterozygous had similar 

steptimes (all p>0.191, supplemental Figure 4). However, during the fourth unperturbed 

sessions, homozygous (p=0.0005) and heterozygous (p=0.0085) had shorter steptimes 

compared to control animals (supplemental Figure 4). Over perturbed sessions, when 

obstacles were presented, overall, there were increases in post perturbation steptimes in 

sessions five (p<0.0001) and six (p=0.002) compared to session four (Figure 4, supplemental 

Figure 4). However, by sessions seven and eight, post perturbation steptimes decreased and 

were similar to those in session four (all p>0.065), thus indicating that controls, 

heterozygous, and homozygous Townes mice displayed similar adaptive cerebellar learning 

abilities (p=0.638 for genotype by session by perturbation interaction, Figure 4). 

Interestingly, during perturbed sessions, among control and homozygotes, males and females 

had similar pre and post perturbation steptimes (all p>0.17, Figure 4), whereas among 

heterozygotes, in sessions six and seven females had shorter pre and post perturbations 

steptimes compared to males (all p<0.034, Figure 4), thus suggesting that female 

heterozygotes had better motor learning compared to males. During perturbed sessions, 

females from all genotypes had similar post perturbation steptimes (all p>0.23, Figure 4). In 

contrast, during perturbed session seven, homozygous males had shorter post perturbation 

steptimes compared to control (p=0.027) and heterozygote (p=0.031) males, Figure 4.

2.4. Sickle cell mice have impaired performance on the rotarod task.

While the Erasmus ladder allows for a comprehensive and automated evaluation of 

cerebellar behavior, it is not widely available. Therefore, we also used the rotarod task, a 

well-known tool used to evaluate motor coordination, balance, and motor learning, Figure 5. 

Overall, controlling for sex and trial, homozygotes had shorter latency to fall from the 

rotating rod compared to controls (p=0.030, for overall effect of genotype, Figure 5). In 

addition, controlling for genotype and sex, over the three trials, both controls and 

homozygotes displayed increases in latency to fall (p<0.0001 for overall effect of trial) 
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indicating that homozygous have intact motor learning, a finding similar to that observed on 

the Erasmus ladder. However, there were sex by genotype by trial interaction (p=0.024) 

indicating that the trajectory of latency over the three trials varied according to genotype and 

sex. Specifically, over the three trials, among homozygotes, both males (p=0.014) and 

females (p=0.034) showed increases in latency to fall from trial one to trial three. In contrast 

among controls, female (p<0.0001), but not male mice (p=0.713), had increases in latency to 

fall from trial one to trial three (Figure 5).

We then examined whether pain could play a role in the performance on the rotarod. We 

used dexmedetomidine at a dose (5μg/kg) shown to decrease visceral/inflammatory pain 

(Rangel et al., 2012) and to ameliorate mechanical hyperalgesia in a model of neuropathic 

pain with minimal sedation (Funai et al., 2014). At these doses, dexmedetomidine-treated 

mice were awake but slightly less active than vehicle-treated animals (Calhoun et al., 2015). 

Controlling for baseline latency, sex, and genotype, dexmedetomidine-treated controls and 

homozygous Townes had shorter latency to fall compared to respective vehicle-treated mice 

(p=0.0006, for treatment effect, supplemental Figure 5). Interestingly, controlling for 

baseline, genotype, sex, and treatment, overall from trial two to trial three, mice showed 

increases in latency to fall (p=0.0005 for overall effect of trial, supplemental Figure 5) 

suggesting that dexmedetomidine did not affect motor learning.

2.5. SCD mice have vascular and neural ultrastructural abnormalities in cerebellum

Others and we have previously shown that SCD mice have pyknotic Purkinje cells in the 

cerebellum (Manci et al., 2006; Wang et al., 2016). We sought to characterize the 

morphologic correlates of the cerebellar behavior deficits observed among homozygotes. 

Ultrastructural analysis of the cerebellum showed that, compared to controls, homozygotes 

had significant changes in vascular endothelial cells characterized by cytoplasmic 

vacuolization and extensive pseudopodia formation into the vascular lumen. Further, while 

control mice had normal foot processes of astrocytes, pericytes, and tight junctions/adherens 

junctions, homozygotes had significant white matter changes in the form of distended foot 

processes from astrocytes as well as attenuation/loss of tight junctions/adherens junctions 

(Hawkins and Davis, 2005; Salameh et al., 2016). These findings in homozygotes are 

strongly suggestive of damage to blood brain barrier integrity observed with hypoxic/

ischemic injury (Figure 6).

2.6. Townes sickle cell mice have increased oxidative stress in cerebellum

There is growing evidence to suggest that repeated episodes of ischemia/reperfusion injury 

and oxidative stress contributes to the pathobiology of SCD. After we identified 

ultrastructural abnormalities suggestive of ischemic cerebellar injury, we tested the 

hypothesis that in cerebellum of SCD mice there would be increased oxidative stress. We 

first measured malondialdehyde formation, a surrogate measure of oxidative stress and lipid 

peroxidation. In cerebellar homogenates (Figure 7A), homozygous Townes had higher 

malondialdehyde formation compared to controls (p<0.001) and heterozygotes (p<0.001).
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We also measured catalase activity, a component of antioxidant response, in cerebellum and 

found that among Townes mice, levels of catalase activity were similar in controls, 

heterozygous, and homozygous Townes (p=0.983, Figure 7B).

2.7. In the cerebellum of Townes SCD mice, oxidative stress is not associated with 
increased apoptosis

After we found evidence of oxidative stress in cerebellum of Townes mice, we examined 

whether there was evidence of increased caspase-3 activity and apoptosis. We first examined 

the effect of age and genotype on caspase-3 activity in cerebellum homogenates. We found 

that controlling for genotype, caspase-3 activity in the cerebellum was similar in young and 

old Townes mice (data not shown, p=0.292) and that in heterozygotes (p=0.004) and 

homozygotes (0.049) caspase-3 activity was lower than in control animals (Figure 7C). 

Additionally, TUNEL staining of cerebellum from control and homozygous Townes mice 

showed similarly scant number of apoptotic cells (data not shown).

2.8. The BERK strain of SCD mice also has oxidative stress in cerebellum

We then sought to determine whether these findings of increased oxidative stress and 

decreased caspase-3 activity were present on a second strain of SCD mice, the BERK strain 

(Figure 8). We found that in the cerebellum of BERK mice, akin to Townes animals, 

homozygotes had higher levels of malondialdehyde compared to hemizygotes (p=0.027, 

Figure 8A). Similar to the Townes mice, among BERKs homozygotes and hemizygotes had 

similar levels of catalase activity in the cerebellum (p=0.072), Figure 8B. Regarding 

caspase-3 activity, we found that hemizygous and homozygous BERKs had similar levels of 

caspase-3 activity in cerebellum homogenates (p=0.059, Figure 8C).

3. Discussion

We showed that Townes mice, a clinically relevant model of SCD, have significant 

locomotor malperformance, motor miscoordination, and impaired gait/stepping adaptability. 

Interestingly, despite having locomotor malperformance, homozygous Townes had intact 

adaptive cerebellar motor learning, in that when warned with a conditioning stimulus (loud 

tone), animals were able to optimize steptimes in anticipation of and in an effort to avoid the 

upcoming obstacle. These findings of locomotor malperformance and miscoordination are 

suggestive of cerebellar injury in the Townes model. In support of this hypothesis are 

findings of disruption of the blood brain barrier, ultrastructural vascular endothelial 

abnormalities and cerebellar white matter changes suggestive of ischemic injury, oxidative 

stress, and altered caspase-3 activity levels in the cerebellum. Therefore, while these animals 

do not have cerebellar strokes, our findings suggest that SCD can be associated with 

locomotor malperformance, cerebellar endothelial vascular injury, abnormal blood brain 

barrier, and white matter abnormalities. These findings then support the use of Townes mice 

as suitable models for the study of mechanisms underlying cerebellar injury and white 

matter abnormalities in SCD.

Several tasks (balance beam, rotarod, open field, vestibulo-ocular reflex, delay eye blink 

conditioning) are used to evaluate locomotion and cerebellar learning. However, the Erasmus 
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Ladder offers a robust approach to detect specific deficits in whole-body locomotion, gait 

adaptability, and adaptive cerebellar learning within a locomotor context. Using the Ladder, 

we were able to evaluate basic walking patterns, gait/stepping adaptability capacity during 

perturbed sessions, as well as cognitive parameters such as motivation, obstacle avoidance 

and adaptive cerebellar motor learning in SCD mice, which cannot be done with most 

commonly available tasks. We note that confounders inherent to the sickle cell model, such 

as pain, sensory fiber hypersensitivity (Kenyon et al., 2015), muscle hyperalgesia (Calhoun 

et al., 2015), and fear of pain could possibly have contributed to the phenotypes observed in 

Townes mice. Additionally, while it is possible that our testing paradigm could also detect 

extra cerebellar modulation of gait adaptability and the conditioned response, we posit that 

the experimental design used here, minimizes the likelihood of incorporating the 

contributions from regions other than cerebellum.

During unperturbed sessions, homozygous Townes mice had alterations of basic walking 

pattern shown by a higher percentage of missteps as they traversed the ladder. During 

perturbed sessions mice were forced to overcome physical obstacles presented on their path, 

which requires greater sensorimotor integration. The findings that homozygotes displayed 

significantly more missteps during perturbed sessions then suggest that SCD mice have 

sensorimotor integration impairment and resulting limb miscoordination. These observations 

were corroborated by the performance of the Townes mice on the rotarod and are in concert 

with findings in other sickle cell mouse strains, which were shown to have a lower latency to 

fall from a rotating rod (Fasipe et al., 2004). Taken together our findings and those of others 

(Fasipe et al., 2004) indicate that these animals have impaired motor coordination and 

balance, suggest the presence of sensorimotor integration deficits, and point to cerebellar 

involvement in SCD.

In humans, cerebellar damage due to injury or genetic abnormalities is often associated with 

deficits in multi-joint limb control and intra-limb coordination, thus leading to impairment in 

goal-directed leg movements and adaptive locomotion (Ilg et al., 2008). During perturbed 

sessions, control animals adapted gait patterns by increasing percentage of long steps while 

decreasing short steps in order to overcome the obstacles. Conversely, homozygous Townes 

displayed a deficit in gait/stepping adaptability in that, compared to controls, they had less 

increases in the percentage of long steps, a phenotype that was more pronounced in females. 

These findings suggest that female Townes homozygous adopted different strategies to cross 

the presented obstacles by preferentially using short rather than long steps. During obstacle 

crossing, the cerebellum has been shown to play a pivotal role in adaptation and 

optimization of stepping strategies (Kim et al., 2013). Patients with cerebellar damage are 

known to adopt adaptive stepping strategies aimed at minimizing execution demands and 

enhancing safe performance, i.e. avoid falls, during obstacle crossing (Kim et al., 2013). 

These deficits are similar to those observed in animals with mutations affecting Purkinje cell 

function (Vinueza Veloz et al., 2015). Further, the present findings parallels the reports in 

humans with SCD, who have been shown to have average fine motor dexterity and speed, 

but impaired visual motor integration, which is a more complex and challenging motor 

skill(Newby et al., 2018). Thus, taken together, the abnormal adaptive obstacle avoidance 

strategy observed here among homozygous mice and the evidence of impaired complex 
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motor skills observed in SCD subjects (Newby et al., 2018) are indicative of behavioral 

consequences of and consistent with SCD-associated cerebellar damage.

On the Erasmus Ladder, percentage of backsteps can reflect motivation to finish the trials, 

such that an increased percentage of backsteps could suggest decreased motivation 

(Sathyanesan et al., 2018b; Vinueza Veloz et al., 2015). Homozygous males had 

significantly higher percentage of backsteps compared to female homozygotes and to male 

controls and heterozygous. This phenotype was even more prominent during perturbed 

session when male homozygotes had increased percentage of backsteps, which could be 

interpreted as decreased motivation when confronted with an aversive situation (the 

presentation of an obstacle). This decreased motivation in male homozygotes is in concert 

with our previous work demonstrating that male homozygotes run significantly shorter 

distances in the voluntary wheel compared to females (Wang et al., 2016). These findings 

are also in concert with reports that SCD humans have an increased incidence of depression 

and that SCD mice display depression-like behaviors (Wang et al., 2016). An alternative 

interpretation is that increases in backsteps could reflect avoidance behavior due to fear of 

pain. In fact, SCD mice are known to display muscle and sensory fiber hyperalgesia 

(Calhoun et al., 2015; Kenyon et al., 2015; Wang et al., 2018) and SCD patients to have 

kinesiophobia (fear of movement)(Pells et al., 2007). Nevertheless, we note that despite a 

decrease in motivation and or/avoidance to finish the trials, males were able to adapt 

stepping patterns better than females by displaying more long steps during perturbed 

sessions, which suggests that lack of motivation or kinesiophobia was not responsible for 

lack of gait adaptability.

We identified a number of behavioral phenotypes that differentially affected male and 

female Townes SCD mice. Such sex-related differences in SCD mice have been shown in 

some of our previous studies demonstrating differential nociception and behavior 

phenotypes among male and female SCD mice (Kenyon et al., 2015; Wang et al., 2016). 

Here we found significant genotype by sex interaction, in that male and female homozygous, 

but not controls, were differentially affected in their percentage of backsteps and on their 

overall stepping pattern adaptability (long and short steps percentages). In humans, some 

studies reveal significant sex-related differences in susceptibility to hemolysis, incidence of 

complications, and life expectancy among SCD patients (Ceglie et al., 2019; Gladwin et al., 

2014; Kanias et al., 2016; Platt et al., 1994; Raslan et al., 2018). Additionally, researchers 

have shown that among SCD patients, white matter volume changes and silent infarcts yields 

different neurocognitive consequences in males compared to females with SCD (Choi et al., 

2019). In that study, white matter abnormalities noted on brain imaging were associated with 

lower nonverbal intellectual functioning in males, but not in females (Choi et al., 2019). 

Therefore, our findings of different performance on the Erasmus Ladder comparing male 

and female Townes mice are in keeping with those human studies. While the causes of such 

sex-related differences remain unknown, these data add support to the notion that in SCD, 

complications affecting the central nervous system can differentially affect males and 

females and underscore the need to include males and females in human and murine studies.

When we sought to identify the biologic correlates of the behavior findings, which are 

suggestive of cerebellar dysfunction, we found that SCD homozygous mice displayed 

Almeida et al. Page 10

Brain Res. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant alterations in cerebellar vascular endothelium and white matter, which were 

suggestive of damage caused by hypoxia and or ischemia. As we and others have shown, 

SCD mice, at the age studied here, do not have strokes (Manci et al., 2006; Wang et al., 

2016), these changes in white matter and vascular endothelium point to a mechanism 

unrelated to vascular stenosis and or strokes. In SCD, a number of factors could contribute to 

the anatomic and biochemical changes observed in the cerebellum. One possibility is that 

chronic anemia could contribute to the white matter changes (Wang et al., 2016). We note 

that while chronic anemia is present in SCD mice, it occurs both in male and female animals 

at similar levels (Wang et al., 2016), thus making it an unlikely explanation for sex-related 

differential behaviors observed. One could alternatively postulate that sex-related differences 

in circulating products of hemolysis (hemoglobin, heme, microparticles) and/or 

hematopoiesis capacity could possibly have contributed to the observed behavior deficits, 

anatomic changes, and oxidative stress observed in SCD mice (Gladwin et al., 2014; Raslan 

et al., 2018). Yet another possibility is that recurrent episodes of sickling could lead to 

microvascular occlusions, consequent multifocal ischemia, and increased oxidative stress 

leading to astrocyte damage. Therefore, our findings generate hypotheses to be tested in 

future studies as to improve our understanding of the underlying mechanisms of SCD-

related cerebellar injury.

We acknowledge some limitations in this study. First, we conducted a cross-sectional, not 

longitudinal, analysis of locomotion and locomotion adaptability in young adult mice and 

therefore are unable to comment on the effect of time on cerebellar function and white 

matter damage in SCD. Given that SCD is coupled with severe anemia, as we did not correct 

it in the SCD mice, or studied anemia unrelated to SCD, we are unable to determine whether 

the cerebellar involvement in this model is related to chronic anemia or to SCD itself. 

However, we posit that the finding that some of the cerebellar function phenotypes affected 

males and females differently while both have similar degree of anemia (Wang et al., 2016), 

make this possibility less likely. Whereas the Erasmus Ladder enables the analysis of core 

cerebellar functions in the SCD mouse, it has limitations in other types of questions. The 

current approach cannot eliminate the possibility that control mice by expressing normal 

human hemoglobin could have an altered phenotype in the Erasmus Ladder. However, by 

including heterozygous mice, we could actually examine the effect of a lower expression of 

human sickle hemoglobin and did observe that heterozygous can present some impairment 

in locomotion performance. Pain is certainly an inherent confounder related to SCD mouse 

model and could possibly have contributed to some of the phenotypes observed here and 

hinder the interpretation of the results. In fact, other have shown that in neurologically intact 

rodents, prior pain episodes can negatively affect motor learning (Huot-Lavoie et al., 2019). 

When we used dexmedetomidine, an analgesic known to ameliorate muscle hyperalgesia is 

SCD mice (Calhoun et al., 2015), we observed a decrease in latency to fall from the rotarod 

in both controls and homozygotes but no interference with cerebellar learning. While, it 

remains unknown to what extent pain contributed to gait adaptability impairment in this 

model, the finding that dexmedetomidine did not impair motor learning might suggest that 

pain did not play a significant role on the performance of the rotarod task. Nevertheless, 

despite its limitations, this study points to the vulnerability of the cerebellum and suggests 
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that the Townes SCD model is suitable for studies of the underlying mechanisms of 

cerebellar deficits in SCD.

This investigation showed that SCD mice have basal locomotor and gait/stepping pattern 

adaptability deficits, which are coupled with vascular endothelium and white matter 

abnormalities and increased oxidative stress in the cerebellum. This study builds on our 

previous work and on the work of others demonstrating that, SCD mice display 

neurocognitive deficits that are associated with morphologic changes in Purkinje cells in the 

cerebellum of Townes and BERK mice (Manci et al., 2006; Wang et al., 2016). As human 

studies have shown cerebellar involvement and associated behavioral deficits in visual motor 

integration, skills that are essential for academic development, the present findings call for 

improved neurodevelopmental interventions targeting cerebellar function for vulnerable 

SCD patients. Future studies using the Townes mice can provide novel insights on the 

mechanisms underlying cerebellar dysfunction in SCD and inform the design of therapies to 

improve the cerebellar deficits associated with the disease.

4. Experimental Procedures, Acknowledgements, References

4.1 Mice

The Townes and BERK SCD mouse strains were used in this study (Paszty et al., 1997; Wu 

et al., 2006). The NIH Clinical Center and Children’s Research Institute Animal Care and 

Use Committees approved animal protocols. In the Townes strain, mouse α and ß globin 

hemoglobin genes were replaced with corresponding human genes; the presence of a double 

or single dose of the ß sickle mutation marks these animals as homozygous or heterozygous, 

respectively. The absence of the ß sickle mutation marks them as controls, which express 

human hemoglobin A only (Wu et al., 2006). In the BERK strain, mouse hemoglobin α 
genes were removed and the human α and ß sickle genes were introduced in a transgene 

construct; the presence or absence of the wild type mouse ß gene marks these animals as 

hemizygotes or homozygotes, respectively (Paszty et al., 1997). Here we only used 

hemizygous or homozygous BERK mice. Detailed breeding and genotyping schemes have 

been published (Wang et al., 2016).

4.2. Erasmus Ladder task and experimental paradigm

We used the Erasmus Ladder, an automated system that allows for analysis of locomotion 

pattern, gait adaptability and cerebellar motor learning, to evaluate cerebellar function in the 

SCD mouse model (Rahmati et al., 2016; Van Der Giessen et al., 2008; Vinueza Veloz et al., 

2015). Briefly, the system consists of two goal/shelter boxes located at the ends of a 

horizontal ladder (Noldus Information Technology, Leesburg, VA). The ladder is composed 

of 37 touch-sensitive rungs and each can be moved up vertically according to the 

experimental protocol. The experimental paradigm consisted of four unperturbed sessions 

(one to four) followed by four perturbed sessions (five to eight) and was controlled by the 

Erasmus Ladder software (v1.0 and 1.1). Each daily session consisted of 42 trials, when the 

mouse had to walk on the Ladder between shelter boxes. Each trial started when a mouse 

was positioned inside a starter shelter-box, where the animal had to remain randomly 

between 10 – 20 seconds. After that time, a light was turned on as to indicate that the mouse 
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had to leave the box. If the mouse did not exit after 3 seconds, a tail wind was turned on to 

force the mouse to leave the starter shelter-box and walk on the ladder to begin the trial. 

During unperturbed sessions, we examined basal locomotion by allowing the mouse to 

traverse the ladder without challenges. In contrast, during perturbed sessions, we tested gait/

stepping pattern adaptability by randomly presenting a12 mm-high obstacle along the mouse 

path during each trial. During perturbed sessions, there were three possible perturbation 

scenarios, which were randomly delivered. In one scenario, animals would face the obstacle 

without any warning (unconditioned stimulus only). In a second scenario, a high pitch 

warning tone was randomly delivered while the animal was traversing the Ladder 

(conditioning stimulus only). The third possible scenario was the presentation of the obstacle 

preceded by the warning tone with an inter-stimulus interval of 250 ms (paired conditioning 

and unconditioned stimuli).

Using the Ladder, we collected and examined the following outcomes for each perturbed and 

unperturbed sessions. 1) Average percentage of missteps, defined as steps in which the 

mouse made a faulty movement onto the lower misstep rung. 2) Average percentage of 

backsteps, defined as steps made in the direction opposite to that of the tail wind 

(backwards) in an attempt to return to the originating shelter box. 3) Average percentage of 

short steps, defined as steps made from one to the immediately next rung. 4) Average 

percentage of long steps, defined as steps made from one rung to the second next 

consecutive rung (skipping one rung). 5) Average percentage of jump steps, defined as steps 

made from one rung to the next third or more consecutive rungs (skipping two or more 

rungs). 6) Pre-perturbation step time, the time difference between subsequent rung 

activations immediately preceding the obstacle on the same side. 7) Post perturbation step 

time, the time difference between rung activation immediately preceding the obstacle and 

that immediately following the obstacle on the same side. During the first perturbed session, 

one will typically observe an increase in post perturbation step time, which signals the start 

of associative motor learning, when animals begin to adapt their gait/stepping pattern to 

overcome the obstacle. Over the following three perturbed sessions, intact mice associate the 

conditioning stimulus (high pitch warning tone) with the upcoming presentation of the 

obstacle and learn to modify their gait/steps by decreasing post perturbation step times 

thereby increasing speed to overcome the obstacle. While during unperturbed sessions there 

was no physical perturbation, post perturbation step times were measured based on the 

computer prediction of when and which a perturbation would have been presented but 

without physically presenting it. The post perturbation steptimes acquired during 

unperturbed sessions served as baseline measurements to compare with post-perturbation 

step times obtained across perturbed sessions.

4.3. Rotarod task

In another a different mouse, we used an accelerating Rotamex-5 System rotarod (Columbus 

Instruments, Columbus, OH) to evaluate balance and motor coordination in SCD mice (16–

20 weeks of age) measuring latency to fall from the rotating spindle as described (Fasipe et 

al., 2004). All mice underwent training consisting of walking on the rotating rod for 30 

seconds at two revolutions per minute (rpm). After the training phase, mice went through a 
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series of three sequential trials 15 min apart. During each trial, the rod was set to accelerate 

at 0.1 rpm/second starting at 2 rpm. Latency to fall (in seconds) was recorded for each trial.

In yet a different cohort of Townes mice, we used dexmedetomidine at analgesic doses 

(Funai et al., 2014; Rangel et al., 2012) to investigate whether pain could affect performance 

on the rotarod. After baseline measurement (Trial one), control and homozygous Townes 

were subcutaneously injected with dexmedetomidine 5μg/kg or vehicle. Fifteen and 35 

minutes after the injection, mice went through trials two and three on the rotarod and latency 

to fall was recorded.

4.4. Transmission electron microscopy

Brain sections approximately 1 mm3 were fixed for 48 hrs at 4°C in 2.5% glutaraldehyde 

and 1% paraformaldehyde in 0.1M cacodylate buffer (pH 7.4) and washed with cacodylate 

buffer three times. The tissues were fixed with 1% OsO4 for two hours, washed again with 

0.1M cacodylate buffer three times, washed with water and placed in 1% uranyl acetate for 

one hour. The tissues were subsequently serially dehydrated in ethanol and propylene oxide 

and embedded in EMBed 812 resin (Electron Microscopy Sciences, Hatfield, PA, USA). 

Thin sections, approx. 80 nm, were obtained by utilizing the Leica ultracut-UCT 

ultramicrotome (Leica, Deerfield, IL, USA) and placed onto 300 mesh copper grids and 

stained with saturated uranyl acetate in 50% methanol and then with lead citrate. The grids 

were viewed with a JEM-1200EXII electron microscope (JEOL Ltd, Tokyo, Japan) at 80kV 

and images were recorded on the XR611M, mid mounted, 10.5M pixel, CCD camera 

(Advanced Microscopy Techniques Corp, Danvers, MA, USA).

4.5. Markers of oxidative stress

In cerebellar homogenates, we measured malondialdehyde formation, an indicator of free 

radical oxidation of polyunsaturated fatty acids, using the thiobarbituric acid reactive 

substance (TBARS) fluorometric assay (BioAssay Systems, Hayward, CA)(Yagi, 1998) with 

small modifications from the manufacturer’s instructions. Cerebellum samples were 

disrupted in 350μl of ice-cold PBS using rapid agitation with zirconia beads (2.3 mm) 

followed by precipitation of insoluble material with centrifugation (10,000g, 5 min, 4°C).

Catalase activity was measured fluorometrically (BioAssay Systems, Hayward, CA). 

Cerebellum homogenates were dissociated with 2.3mm zirconia beads in PBS with 0.1% 

digitonin and clarified by centrifugation (14,000g, 10 min, 4°C). Preliminary experiments 

were conducted to investigate if samples required further dilutions and only experiments in 

which all samples remained within the standard curve were accepted for analysis.

4.6. Apoptosis and caspase-3 activity.

After anesthesia and exsanguination, whole brain was dissected and kept in 10% buffered 

formalin for histological evaluation. Detection of apoptotic cells in the cerebellum was 

performed by terminal deoxynucleotidyl transferase (TdT) deoxyuridine triphosphate 

(dUTP) nick end labeling (TUNEL) using Roche Anti-Digoxigenin (1:1000, Sigma-Aldrich 

cat# 11–093-274-910).
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Caspase-3 activity was assayed fluorometrically with modifications from manufacturer’s 

instructions (Sigma-Aldrich cat# CASP3F). Caspase-3 activity was measured by caspase-3-

induced hydrolysis of the substrate acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin 

(Ac-DEVD-AMC) into 7-amino-4-methylcoumarin (AMC) which is fluorescent (Ex = 

360nm and Em = 460nm). All samples included duplicates with the caspase-3 antagonist 

Ac-DEVD-CHO to document non-specific Ac-DEVD-AMC metabolism; only the 

fluorometric difference between samples without Ac-DEVD-CHO and those with it were 

accepted as specific caspase-3 activity. Preliminary experiments indicated that caspase-3 

activity assay did not require protease inhibitors (data not shown). Cerebellar homogenates 

were prepared in 500μl lysis buffer by fast agitation with 2.3 mm zirconia beads and 

clarified by centrifugation (10,000g, 10min, 4°C). After reagent mixing, a 96 well plate was 

incubated at 37°C and fluorescence was acquired every 15 min (PerkinElmer EnSpire 2300) 

and was stable for at least 90 min; for standardization, caspase-3 activity was calculated after 

60 min incubation.

4.7. Statistical Analysis

We used a repeated-measures model to analyze longitudinal outcomes. Each of the 

longitudinal outcome variables listed in the Experimental Procedures section was modeled 

separately as a response (dependent) variable. The following variables were used as 

explanatory (independent) variables: genotype, sex, and session main effects; and sex-by-

genotype, genotype-by-session, sex-by-session, and sex-by-genotype-by-session 

interactions. For each model, the “best” variance-covariance matrix structure was 

determined based on the lowest Bayesian Information Criterion value. Model assumptions 

were checked based on model fit statistics, e.g. studentized residuals, normality of the errors. 

For the analysis to assess the effect of dexmedetomidine on latency to fall, the same type of 

model was used, except that its value at Trial 1 was used as a covariate in order to account 

for the mouse’s latency to fall prior to injection, which occurred between Trial 1 and Trial 2. 

For data recorded at one time point, a one-way analysis of variance or the Kruskal-Wallis 

test were used for analysis. These analyses were conducted using the SAS statistical 

software v. 9.4 (SAS Institute, Cary, NC, USA) and SigmaStat 13.0 (Systat Software, Inc., 

San Jose, CA). All reported p-values are two-sided and were not adjusted for multiple 

comparisons, given that we conducted an exploratory investigation with its findings being 

intended to generate testable hypothesis rather than being definitive (Rothman, 2014; 

Streiner, 2015). We encourage the reader to keep that in mind when interpreting p-values for 

pairwise comparisons, particularly those greater than 0.002. This p-value threshold was 

obtained by dividing 0.05 by 24, the number of pairwise comparisons, i.e. female vs. male 

for each of 8 sessions × 3 genotypes.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Sickle cell disease (SCD) patients can have abnormal cerebellum on imaging 

studies

2. SCD mice have evidence of cerebellar behavior deficits as described in SCD 

patients

3. Cerebellar behavior deficits in SCD mice are associated with white matter 

abnormalities

4. The deficits are associated with oxidative stress and vascular injury in 

cerebellum

5. SCD mice are valid models for studies of cerebellar injury in SCD
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Figure 1. Sickle cell mice have locomotor miscoordination and decreased motivation.
Data are shown as least-square means±standard error of the least-square means for male and 

female controls (A and D), heterozygotes (B and E), and homozygous (C and F). In animals 

from all genotypes (control, heterozygote, and homozygotes), the percentage of missteps 

displayed varied according to session (unperturbed or perturbed). P values reflect ad hoc 

male vs. female pairwise comparisons for respective genotypes and sessions. Controlling for 

sex and genotype, over the four unperturbed sessions (one-four), there was an overall 

decrease in percentage of missteps, which during perturbed (five-eight) sessions increased 

compared to the last unperturbed session (session 4, all p<0.0001). Controlling for session 

and sex, homozygous Townes committed a higher percentage of missteps compared with 

heterozygotes and control animals (overall effect of genotype, p=0.031, A, B, and C). 

Among homozygous Townes, male mice, compared to females displayed a higher 

percentage of missteps on sessions three (p=0.003), five (0.0012) and six (p=0.031), C. 

Regarding backsteps, the effect of genotype varied by session and by sex as there were 

genotype by session (p=0.012) and genotype by sex (p=0.016) interactions (D-F). During 

unperturbed sessions, control, heterozygous, and homozygous mice displayed similar 

percentage of backsteps. Regarding genotype by sex interaction, we found that among 

control mice male and female mice had similar percentage of backsteps in all sessions (all, 

p≥0.217, D). Among controls and heterozygotes, male and female mice had similar 

percentage of backsteps in all sessions (all, p>0.027, Figure 1D–E). In contrast, among 

homozygous Townes, males had a higher percentages of backsteps compared to females in 
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unperturbed (three and four) and all perturbed sessions (five-eight), all p≤0.035, F. 

Controlling for session, females of all genotypes displayed similar percentage of backsteps 

(p≥0.149). In contrast, male homozygous mice showed a higher percentage of backsteps 

compared to controls (p=0.003) and heterozygous males (p=0.025), D-F. Thirty-one mice 

participated in the Erasmus Ladder test, N=10–11 per genotype including balanced numbers 

of age-matched male and females.
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Figure 2. Sickle cell mice have significant locomotor/gait adaptability deficits.
Data are shown as least-square means±standard error of the least-square means. The 

experimental paradigm in the Erasmus Ladder allows for an analysis of multi-joint limb 

control and coordination capabilities by measuring the percentage of short (A, B, and C) and 

long steps (D, E, and F) in male and female controls (A and D), heterozygotes (B and E), 

and homozygous (C and F). P values reflect ad hoc male vs. female pairwise comparisons 

for respective genotypes and sessions. Regarding short steps, there were genotype by session 

by sex interaction (p=0.0075, A-C) indicating that there were differences in percentage of 

short steps among genotypes that varied by sex and session. A. Among control mice, male 

and females showed similar percentage of short steps during unperturbed and perturbed 

sessions. B. In heterozygotes, female mice displayed higher percentage of short steps 

compared to males during unperturbed sessions (all p≤0.012). C. Among homozygotes, 

female mice displayed higher percentage of short steps compared to males in all sessions 

except during the first unperturbed session (all p<0.016). Regarding long steps, controlling 

for sex and genotype, during perturbed sessions animals displayed increases in percentage of 

long steps compared to the last unperturbed session (all p≤0.010, D-F). Additionally, there 

were also genotype by session by sex interactions (p=0.0024, D-F) indicating that there were 

differences in percentage of long steps among controls, heterozygotes, and homozygotes, 

which varied according to sex and session. D. Among control mice, male and females 

showed similar percentage of long steps during all sessions. E. Among heterozygotes, during 

unperturbed and the first perturbed sessions, male mice displayed higher percentage of long 
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steps (all p<0.048) compared to females heterozygotes. F. In a different pattern compared to 

controls and heterozygotes (p=0.0024, for genotype by sex by session interaction), among 

homozygotes, male mice had a higher percentage of long steps compared to females in all 

sessions after the first unperturbed session (all p≤0.021). Overall, controlling for session, 

female homozygous displayed a lower percentage (p=0.016) whereas male homozygotes had 

similar (p=0.179) percentage of long steps compared to female and male controls 

respectively. Thirty-one mice participated in the Erasmus Ladder test, N=10–11 per 

genotype including balanced numbers of age-matched male and females.
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Figure 3. Sickle cell mice have altered locomotor/gait adaptability.
Data are shown as least-square means±standard error of the least-square means for male and 

female controls (A), heterozygotes (B), and homozygotes (C). P values reflect ad hoc male 

vs. female pairwise comparisons for respective genotypes and sessions. Overall, controlling 

for sex and genotypes, the percentage of jump steps during perturbed sessions were higher 

than the last unperturbed session (all p<0.0001, A, B, and C). Also, there were genotype by 

session by sex interactions (p<0.0001, A-C) indicating that there were differences in 

percentage of jump steps among controls, heterozygotes, and homozygotes, which varied 

according to sex and session. A. Among control mice, male and females showed similar 

percentage of jump steps during all sessions except for the last perturbed sessions when 

males had a higher percentage of jumps compared to females (p=0.034). B. Among 

heterozygotes, during all unperturbed and perturbed sessions five and seven male and 

females had similar percentage of jumps. However, on session six, males had higher 

(p<0.044) and in session eight lower (p=0.001) percentage of jumps compared to females. C. 

Homozygous males and females displayed similar percentage of jumps in all unperturbed 

session and in sessions six and seven (all p>0.089). In contrast, homozygote males had a 

higher percentage of jumps compared to females in perturbed sessions five (p=0.043) and 

eight (p=0.0001). Thirty-one mice participated in the Erasmus Ladder test, N=10–11 per 

genotype including balanced numbers of age-matched male and females.
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Figure 4. Sickle cell mice have intact adaptive cerebellar motor learning.
Data are shown as least-square means±standard error of the least-square means pre and post 

perturbation steptime by sex (females A, C, E and males B, D, F), genotype (controls, A and 

B; heterozygotes, C and D; and homozygotes E and F), and session. On the Erasmus Ladder, 

one can examine adaptive cerebellar motor learning. During unperturbed sessions, there are 

no conditioning stimuli or obstacle presentation. During the first perturbed session, one 

observes an increase in post perturbation steptime. At that time, animals begin to adapt their 

gait/stepping pattern as to avoid the upcoming obstacle. Over the subsequent perturbed 

sessions, mice associate the conditioning stimulus (high pitch warning tone) with 

presentation of the obstacle and learn to modify their gait/steps by decreasing post 

perturbation steptimes thereby increasing speed to overcome the obstacle. During perturbed 

sessions (five through eight), among control and homozygotes, males and females had 

similar pre and post perturbation step times (all p>0.17). Among heterozygotes, in sessions 
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six and seven females had shorter pre and post perturbations steptimes compared to males 

(all p<0.034), thus suggesting that female heterozygotes had better motor learning compared 

to males. During perturbed sessions, females from all genotypes had similar post 

perturbation steptimes (all p>0.23). In contrast, during session seven, homozygous males 

had shorter post perturbation steptimes compared to control (p=0.027) and heterozygote 

(p=0.031) males. Thirty-one mice participated in the Erasmus Ladder test, N=10–11 per 

genotype including balanced numbers of age-matched male and females.
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Figure 5. Sickle cell mice have impaired performance on the rotarod task.
Data are shown as least-square means±standard error of the least-square means of latency to 

fall from the rod for male and female controls (A) and homozygotes (B). Overall, controlling 

for sex and trial, homozygotes had shorter latency to fall from the rotating rod compared to 

controls (p=0.030, for genotype effect). In addition, controlling for genotype and sex, 

overall, over the three trials, both controls and homozygotes displayed increases in latency to 

fall (p<0.0001 for overall effect of trial) indicating that homozygous have intact motor 

learning, a finding similar to that observed on the Erasmus ladder. However, there was a sex 

by genotype by trial interaction (p=0.024) indicating that comparing controls and 

homozygotes, the trajectory of latency to fall over the three trials varied according to trial 

and sex. Specifically, over the three trials, among homozygotes, both males (p=0.014) and 

females (p=0.034) showed increases in latency to fall from trial one to trial three. In contrast 

among controls, female (p<0.0001), but not male mice (p=0.713), had increases in latency to 

fall from trial one to trial three. Forty mice participated in the rotarod test N=20 per 

genotype including balanced numbers of age-matched male and females.
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Figure 6. Sickle cell mice have vascular and neural ultrastructural abnormalities in cerebellum.
Representative images from control (A, B) and homozygotes (C, D) cerebellum. Compared 

to controls, homozygotes had significant changes in vascular endothelial cells characterized 

by cytoplasmic vacuolization and extensive pseudopodia formation into the vascular lumen 

(black arrows). Further, while control mice had normal foot processes of astrocytes, 

pericytes, and tight junctions/adherens junctions, homozygotes had significant white matter 

changes in the form of distended foot processes from astrocytes (black star) as well as 

attenuation/loss of tight junctions/adherens junctions (white arrows). These findings in 

homozygotes are strongly suggestive of damage to blood brain barrier integrity observed 

with hypoxic/ischemic injury.
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Figure 7. Townes sickle cell mice have increased oxidative stress in cerebellum.
Box plots of respective variables show median and first and third quartiles and the whiskers 

10th and 90th percentiles. A. In cerebellar homogenates, homozygous Townes had higher 

malondialdehyde, a surrogate measure of oxidative stress and lipid peroxidation formation 

compared to controls (p<0.001) and heterozygotes (p=0.002). B. Among Townes mice, 

levels of catalase activity were similar in controls, heterozygous, and homozygous Townes 

(p=0.983). C. In cerebellum, heterozygotes (p=0.004) and homozygotes (0.049) had lower 

levels of caspase-3 activity compared to control animals. N=4–11 per genotype and assay.
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Figure 8. BERK sickle cell mice have increased oxidative stress in cerebellum.
Box plots of respective variables show median and first and third quartiles and the whiskers 

10th and 90th percentiles. In cerebellum homogenates, homozygous BERKs, akin to Townes 

animals, had higher levels of malondialdehyde, a surrogate measure of oxidative stress and 

lipid peroxidation formation compared to hemizygotes (p=0.027). B. Similar to the Townes 

mice, among BERKs, homozygotes and hemizygotes had similar levels of catalase activity 

in the cerebellum (p=0.072). C. Regarding caspase-3 activity, contrary to Townes mice, 

hemizygous and homozygous BERKs had similar levels of caspase-3 activity in cerebellum 

homogenates (p=0.059). N=4–8 per genotype and assay
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