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Abstract
White-matter injury in sickle-cell disease (SCD) includes silent cerebral infarction diagnosed by diffusion tensor imaging (DTI), a 
complication associated with cognitive dysfunction in children with SCD. The link between white-matter injury and cognitive 
dysfunction has not been fully elucidated. The goal of this study was to define whether cerebrovascular lesions and cognitive function 
in SCD are linked to neuroaxonal damage and astrocyte activation in humanized Townes’ SCD mice homozygous for human sickle 
hemoglobin S (SS) and control mice homozygous for human normal hemoglobin A (AA). Mice underwent MRI with DTI and cognitive 
testing, and histology sections from their brains were stained to assess microstructural tissue damage, neuroaxonal damage, and 
astrocyte activation. Fractional anisotropy, showing microstructural cerebrovascular abnormalities identified by DTI in the white 
matter, was significantly associated with neuronal demyelination in the SS mouse brain. SS mice had reduced learning and memory 
function with a significantly lower discrimination index compared with AA control mice in the novel object recognition tests. 
Neuroaxonal damage in the SS mice was synchronously correlated with impaired neurocognitive function and activation of 
astrocytes. The interplay between astrocyte function and neurons may modulate cognitive performance in SCD.
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Introduction
In sickle-cell disease (SCD), cerebrovascular complications in-
cluding overt stroke, silent cerebral infarction (SCI), and cognitive 
dysfunction contribute to significant morbidity and mortality (1). 
Cognitive dysfunction in SCD includes poor performance in learn-
ing and memory, language and attention, intellectual, executive, 
and adaptive functioning, and is associated with stroke and SCI 
(2). MRI with diffusion tensor imaging (DTI) has revealed wide-
spread white-matter abnormalities in the brains of patients with 
SCD (3). Pathological findings have shown that cerebrovascular le-
sions primarily include neuroaxonal damage in cortical and fron-
toparietal deep white-matter border areas (4). It is not clear how 
cerebrovascular lesions lead to cognitive dysfunction. Astrocytes 
—the glial cells connecting cerebral microvessels and neuronal 
cells—maintain neuronal integrity (5) and preserve tissue plasti-
city and memory function (6). There is evidence from other dis-
eases that episodic or sustained ischemia triggers astrocyte 
activation, leading to neuroaxonal damage and cognitive dysfunc-
tion (7). In this study, we investigated a novel mechanism of 
white-matter neuroaxonal damage and cognitive dysfunction in 
sickle mice that emphasizes the role of pathological astrocyte 
activation.

Results
We performed DTI on the SS and AA mouse brains. Fractional an-
isotropy (FA), a marker of microstructural integrity of neuroaxo-
nal fibers based on water diffusion directionality, was 
substantially lower, while radial diffusivity (RD), associated with 
changes in neuroaxonal diameter and density (8), was significant-
ly elevated in SS mice compared with AA mice (P < 0.01, n = 8; 
Fig. 1A–C). We then confirmed white-matter injury histologically 
by measuring the expression of nonphosphorylated neurofila-
ment H (SMI32) and myelin basic protein (MBP) and found an in-
creased SMI32/MBP ratio in SS mice compared with AA controls 
(P < 0.05; n = 5; Fig. 1D and E). Neurofilament light chain (NFL), a 
neuron-specific protein component, is released following neuro-
axonal damage and diffuses easily through brain parenchyma 
(8). There was a notable accumulation of NFL in SS mice plasma 
and brain when compared with controls, further confirming dis-
ruption of neuroaxonal integrity (Fig. 1F and G). Since increased 
accrual of NFL in the brain is associated with the activation of as-
trocytes, loss of neuronal plasticity, and impaired memory func-
tion in several diseases, including Alzheimer’s, Parkinson’s, and 
multiple sclerosis (9), we compared the neuroaxonal damage in 
SS mice with their neurocognitive responses and astrocyte 
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activation. To test their differences in neurocognitive responses, 
SS and AA mice underwent Y-maze and novel object recognition 
(NOR) testing. The Y-maze test measures the willingness of ro-
dents to explore new environments. The frequency of spontan-
eous alternations—a measure of spatial working memory— 
indicates the tendency of the mice to alternate the exploration 
of different arms of a Y-shaped maze (10). We found that the SS 
mice stayed longer in a new arm of the Y-maze, while the percent 
of spontaneous alternations between the three arms of the maze 
was reduced in the SS mice compared with AA mice (Fig. S1A and 
B). In the NOR study, the SS mice spent significantly less time ex-
ploring the novel object than their AA counterparts (Fig. 2A). The 
discrimination index, indicating the difference between the time 

spent exploring the familiar object and the time spent with the 
novel object, was significantly lower in the SS mice compared 
with the AA mice (Fig. 2B). We found a negative correlation 
(Pearson r = −0.75; P = 0.012) between the discrimination index in 
the NOR test and the ratio of SMI32/MBP staining intensity, dem-
onstrating an association between white-matter integrity and 
cognitive function in the SS mice (Fig. 2C). Moreover, plasma 
NFL concentration was inversely correlated with the percentage 
of the novel object exploration time, suggesting that lower cogni-
tive function is associated with increased plasma NFL in the SS 
mice (Fig. 2D). Activated astrocytes, phenotyped by a higher ex-
pression of glial fibrillary acidic protein (GFAP), colocalize with 
loss of neurons, demyelination, and abnormal FA after brain 

Fig. 1. White-matter injury is linked to neuroaxonal damage in SCD mice. (A–C) Representative DTI images from AA and SS mice and quantitation of 
fractional anisotropy and RD (n = 8). The corpus callosum (CC) and external capsule (EC) represent the white-matter border area in the brain. (D and E) 
Elevated SMI32 accumulation compared with MBP and quantitation of staining intensity (SMI32/MBP ratio), indicating white-matter injury in the SS mice 
compared with AA mice (n = 5). (F) Plasma concentration of NFL in AA and SS mice (n = 15). (G) Representative immunofluorescence microscopic images 
and quantification of NFL staining intensity showing the expression of NFL in AA and SS mice (n = 6–9) brain with nuclear counterstain (DAPI). *P < 0.05, 
**P < 0.01, ***P < 0.001.

Fig. 2. Cognitive dysfunction in sickle mice is associated with neuroaxonal damage and activation of cerebral astrocytes. (A and B) The AA and SS mice 
were tested for NOR at baseline on three different days as indicated (day 0, day 7, and day 14). Quantitation of percent exploration time and 
discrimination index showed lower NOR ability of the SS mice compared with the AA (n = 10). (C) Correlation of SMI32/MBP ratio and the Discrimination 
Index obtained from the same cohort of mice showing increased white-matter injury associated with poor NOR ability in the SS mice (n = 10). (D) 
Association of plasma NFL concentration with percentage of exploration time showed that poor NOR ability is associated with increased plasma NFL in 
the SS mice. (E) Cerebral tissue sections from AA and SS mice were stained for GFAP+ astrocytes. Increased number of GFAP+ astrocytes indicated 
astrocyte activation in the SS mice. (F) Correlation of SMI32/MBP staining intensity ratio (neuroaxonal damage indicator) and the number of GFAP+ 
astrocytes in the same cohort of SS mouse brain (n = 10; Pearson r = 0.64; P = 0.043). (G) Relative expression of GFAP, mGLUR5, and GLAST genes in 
astrocytes isolated from AA and SS mice brain tissue. *P < 0.05, **P < 0.01, ***P < 0.001.
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injury (11). We found a significant increase (>3.6-fold) in 
GFAP-positive (GFAP+)-activated astrocytes in the SS mice 
(Fig. 2E). The SMI32/MBP staining intensity ratio was positively 
correlated with the number of GFAP+ astrocytes in the SS mice 
(Pearson r = 0.64; P = 0.043; Fig. 2F). The astrocytes isolated from 
the SS mouse brain showed an upregulation of the GFAP gene ex-
pression (∼8-fold) and concurrent increases in the relative expres-
sion of metabolic glutamate receptor subtype 5 (mGLUR5; 17-fold) 
and glutamate aspartate transporter (GLAST; 4.5-fold) genes com-
pared with AA astrocytes (Fig. 2G).

Discussion
We recapitulated studies in patients with SCD showing reduced 
FA in the subcortical white-matter border areas and higher RD 
in widespread regions of the brain (12), in humanized SS mice. 
Cerebral white matter primarily consists of neuronal axons, and 
hence the data from immunofluorescence-based histopathologic-
al staining showing an increased SMI32/MBP ratio as well as accu-
mulation of NFL confirms disruption of neuroaxonal integrity in 
the SS brain tissue. The negative correlation between the discrim-
ination index in the NOR test and the ratio of SMI32/MBP staining 
intensity, demonstrated an association between white-matter in-
tegrity and cognitive function in the SS mice. Decline in learning 
and memory function is an age-dependent phenomenon and it 
is generally evident in mice at older age (>6 months). 
Interestingly, we found cognitive deficit in sickle transgenic 
mice at a much younger age (∼3 months). In SCD, due to the 
underlying hemolytic as well as oxidative stress and chronic hyp-
oxia, the tissue compartments including the brain suffer from 
subtle ischemic damage at an earlier age (3). As a result, many or-
gans (including the brain, kidneys, and heart), and the immune 
system in SCD individuals show morphological and functional 
changes that are ordinarily seen in the elderly in the general popu-
lation. Therefore, SCD is often considered as an accelerated aging 
syndrome (13). Our observation on learning and memory deficit in 
12- to 14-week-old homozygous sickle mice (SS) might be due to 
the elevated intrinsic oxidative and inflammatory stresses, char-
acteristics of SCD. Moreover, in a different study involving same 
strain of sickle mice (Townes’), deficits in cognitive learning 
were observed at an average age of 13.6 weeks using water 
T-maze test (14). Our findings in mice are also consistent 
with prior evidence showing that neuroinflammation with 
activated microglia was associated with cognitive deficits 
detected by NOR in sickle mice (15). These results are important 
because they mimic findings in children with SCD, where the 
presence of silent infarcts detected by DTI is associated with 
cognitive dysfunction (3).

In summary, we found that MRI-detectable white-matter ab-
normalities in Townes’ sickle mice correspond to neuroaxonal 
damage detected by histology, and cognitive dysfunction, thereby 
linking neuroradiological imaging to brain pathology and behav-
ioral phenotype. Astrocyte activation is mediated by rapid intra-
cellular calcium accumulation, and increased intracellular 
calcium in astrocytes has been found to alter synaptic plasticity 
by activation of type 5 metabotropic glutamate receptors 
(mGLUR5), and the glutamate transporter (GLAST) (16). It will be 
important to test whether astrocyte signaling via the mGLUR5 re-
ceptor is mechanistically linked to brain injury in SCD.

This  shows that white-matter injury with demyelination of 
neuronal axons is associated with cognitive dysfunction in sickle 
mice. In addition, we found that activation of astrocytes may play 
a pivotal role in the development of neuroaxonal damage and 

cognitive dysfunction in SCD. In particular, astrocyte signaling 
via the mGLUR5 receptor may represent a novel pathway of brain 
injury in SCD. Further research into the mechanisms of astrocyte 
activation and the consequent molecular signaling pathways are 
warranted to elucidate the pathogenesis of cognitive dysfunction 
in SCD.

Materials and methods
The detailed information on methods are provided as 
Supplementary Information.

Animals
The knock in Townes’ sickle-cell mice expressing human HbS (SS) 
and the control mice expressing human HbA (AA) were purchased 
from The Jackson Laboratory (Strain# 013071) and studied at the 
University of Pittsburgh. All animal experiments were performed 
following Institutional Animal Care and Use Committee approval 
(Protocols #22010095, #21048805, and #21120288). Both male and 
female mice were used. All SS and AA mice were 12–14 weeks 
old at the time of experiments.

In vivo diffusion tensor imaging
In vivo noninvasive DTI was performed on AA and SS mice using a 
Bruker AV3HD 9.4T scanner, an 86 mm Tx coil, and four-channel 
mouse brain receiver array, running ParaVision 6.0.1 (Bruker 
BioSpin, Billerica MA, USA).

Immunofluorescence
Brain tissue sections were prepared from the same cohort of SS 
and AA mice following DTI. The sections were stained using the 
antibodies for MBP, SMI32, NFL, or GFAP. All images were analyzed 
using an Olympus AX70 microscope and the staining intensity 
was determined using ImageJ.

Real-time PCR for gene expression in isolated 
cerebral astrocytes
Primary astrocytes were isolated from AA and SS mouse brains 
from single-cell suspensions using microbeads labeled with the 
astrocyte-specific anti-ACSA-1 antibody (Miltenyi Biotec; 
#130-095-826) to evaluate the mRNA expression of GFAP, 
mGLUR5, and GLAST.

In vivo cognitive assessment
The SS and AA mice were placed in a Y-shaped maze to assess their 
spatial memory function, while the NOR test was used to evaluate 
short-term memory deficits. The alternations in Y-maze and the 
time spent with new and familiar objects in NOR test were re-
corded using the Anymaze system (17).
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