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;322‘:‘;?:9”;5; Neurological Background: The positron emission tomography (PET) radioligand '8F-THK5351 is
Rehabilitation Hospital, 1114 now used to evaluate monoamine oxidase B expression in the reactive astrogliosis
Tamura-cho, Takamatsu-shi, seen in various central nervous diseases. Traumatic brain injury (TBI) is known to induce
Ejﬁlaigaogu'ti%i?nﬁf;’;ﬂon reactive astrogliosis in the lesion site. This is a first report to examine the spatial and

is available at the end of the temporal changes in reactive astrogliosis as evaluated by '®F-THK5351 after a severe
article TBI.

Case presentation: A 27-year-old man suffering from a severe TBI with multiple brain
contusions was examined using '8F-THK5351 PET/CT in the subacute and chronic
phases after the injury. The first PET scan, performed 46 days after the TBI, showed
intense uptake of '8F-THK5351 in and around the brain contusions. The second PET
scan, performed 271 days after the TBI, showed reduced uptake of "®F-THK5351 at

the original sites of the brain contusions and increased uptakes in the white matter
surrounding the contusions and the corpus callosum. The patient exhibited sustained
improvement of neuropsychological impairment between the two PET examinations
and remarkable recovery from the severe TBI.

Conclusions: There were evident temporal and spatial changes in '®F-THK5351 uptake
in the traumatized brain between the two PET examinations. These changes may

have been related to the remarkable neurological recovery in this patient. The degree
and distribution of reactive astrogliosis detected by '8F-THK5351 PET may be useful in
assessing pathophysiology and predicting prognosis in TBI patients.
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Background

The positron emission tomography (PET) radioligand '®F-THK5351 was developed
for imaging tau aggregates in neurofibrillary tangles (NFTs) in patients suffering from
Alzheimer disease (AD; Harada et al. 2016). However, ®F-THK5351 is retained in the
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basal ganglia and other brain regions known to accumulate trace deposits of NFTs in
AD, which raises concerns about the specificity of *F-THK5351 for imaging tau aggre-
gates. A later study demonstrated a substantial reduction of '®F-THK5351 uptake in the
brain after a single administration of the monoamine oxidase B (MAO-B) inhibitor, sele-
giline (Ng et al. 2017). Furthermore, in a study comparing antemortem *F-THK5351
PET images and postmortem pathological specimens in a patient with AD, in vivo '®F-
THK5351 uptakes were significantly correlated with both the density of tau aggregates
in the neocortex and regional MAO-B concentrations in the whole brain (Harada et al.
2018). According to these studies, it is now recognized that *F-THK5351 is a dual-pur-
pose compound that binds to both tau aggregates and MAO-B. In cases in which tau
pathology is particularly irrelevant, such as young subjects in whom tau protein does
not usually accumulate, '*F-THK5351 uptake is mainly considered to reflect the MAO-B
concentration.

Traumatic brain injury (TBI) induces increased astrogliosis in and around the lesion
site (Burda et al. 2016), and reactive astrocytes overexpress MAO-B in the outer mito-
chondrial membrane (Levitt et al. 1982). Recently, Takami et al. reported a case, in
which ®F-THK5351 PET could identify lesions based on the reactive astrogliosis in a
brain contusion 18 days after TBI (Takami et al. 2020). However, their PET study was a
snapshot. More importantly, temporal and spatial assessment of *F-THK5351 uptake
can provide new insights into the pathophysiology of TBI in relation to the role of reac-
tive astrogliosis.

Here, we report a young patient suffering from a severe TBI, in which the degree and
distribution of reactive astrogliosis were examined by "*F-THK5351 PET in the subacute
and chronic phases after TBI. This is the first study to examine the temporal and spatial
changes in "®F-THK5351 uptake in a patient with a severe TBI. The findings may sug-
gest different roles of reactive astrogliosis in the subacute and chronic phases after TBI,
which could be detected by "*F-THK5351 PET in the human brain.

Case presentation

The patient was a 27-year-old man without significant medical history. He had high
level of education and worked as a veterinarian. He had been extremely intoxicated
one night and had been found the next morning in a ditch in a disturbed state of
consciousness. He was transported to an emergency hospital, and a head CT scan
showed brain contusions in the right frontal and temporal lobes and left frontal lobe,
with a right acute subdural hematoma (Fig. 1A). He was referred to the Emergency
Medical Center of Kagawa University Hospital. On admission, his consciousness level
was GCS 7 (E1V1IM5). A catheter was inserted to monitor his intracranial pressure
(ICP) and his initial ICP was 38 mmHg under deep sedation and administration of
hyperosmotic solution. He subsequently underwent an emergency right frontotempo-
roparietal craniectomy for evacuation of the acute subdural hematoma. Targeted tem-
perature management (TTM) with a target temperature of 36°C was conducted as a
neuroprotective therapy and continued for several days under close monitoring of the
ICP. He gradually regained consciousness after the discontinuation of sedatives for
the TTM. He was mostly alert, with some memory confusion and retrograde amnesia,
about 20 days after the TBI. Fluid-attenuated inversion recovery MR imaging 23 days
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Fig. 1 A Head CT scan on the day of injury showed multiple brain contusions (salt and paper appearance)
in the right frontal and temporal lobes and left frontal lobe along with a right acute subdural hematoma
(arrow heads). B FLAIR MR imaging 23 days after the injury showed multiple high-intensity regions in the
right frontal and temporal lobes and left frontal lobe along with high-intensity areas in the white matter
surrounding the brain contusions

after the TBI showed multiple high-intensity regions in the right frontal and temporal
lobes and left frontal lobe, with high-intensity areas in the white matter surrounding
the brain contusions (Fig. 1B).

The clinical use of ®F-THK5351 tracer was approved by the Kagawa University
Faculty of Medicine Human Subjects Ethical Committees, and informed consent
was obtained from the patient, with written consent received before the PET exami-
nations. The 'F-THK5351 PET examinations were performed using a Biograph
mCT PET/CT scanner (Siemens Medical Solutions USA Inc., Knoxville, TN, USA).
Attenuation correction was performed using CT maps. Regional emission scans
were acquired for 20 min, beginning 50 min after an intravenous bolus injection of
3.7 MBq/Kg of '"F-THK5351. The PET data were acquired in three-dimensional mode
and were reconstructed with the baseline ordered-subsets expectation maximization
algorithm. The '®F-THK5351 PET images were then normalized using the cerebellum
as a reference region, with cerebellar uptake set as one.

The images from his First 'F-THK5351 PET scan, which was performed 46 days
after the TBI, revealed high uptake of "*F-THK5351 in the right frontal and temporal
lobes and in the left frontal lobe (Fig. 2A). Increased ®F-THK5351 uptake was noted
in a ring-like pattern around the brain contusion in the right frontal lobe (Fig. 2A).
He underwent autologous cranioplasty on day 33 and was referred to a rehabilita-
tion hospital to receive in-hospital rehabilitation for neuropsychological impairment
51 days after the TBI. The rehabilitation program was directed to improve attention,
memory, visuospatial abilities, and executive functioning. He recovered well after
cognitive rehabilitation for a month, with high scores in neuropsychological exami-
nations. He was discharged to home on day 82, and he returned to the work as a vet-
erinarian about 4 months after the TBI and had no difficulty in working. The images
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Fig. 2 '8F-THK5351 PET images 46 days (A) and 271 days (B) after the injury. The rainbow color bar represents
the normalized uptake of '8F-THK5351, with cerebellar uptake set as one. A PET images showed increased
uptake of "8F-THK5351 in the right frontal and temporal lobes and in the left frontal lobe and increased
8FTHK5351 uptake with a ring-like pattern around the brain contusion in the right frontal lobe (black arrow
heads). B PET images showed reduced uptake of '"8F-THK5351 in the original sites of brain contusions in the
right frontal and temporal lobes and in the left frontal lobe. Increased '8F-THK5351 uptakes were observed in
the white matter surrounding the brain contusions (red arrows) and the corpus callosum (white arrows)

from his second "*F-THK5351 PET scan, which was performed 271 days after the TBI,
showed reduced uptake of '®F-THK5351 in the original sites of the brain contusions
in the right frontal and temporal lobes and in the left frontal lobe (Fig. 2B). At that
time, increased F-THK5351 uptakes were observed in the white matter surrounding
the brain contusions and the corpus callosum (Fig. 2B).

Discussions
The radioligand ®F-THK5351 was developed for imaging tau aggregates in NFTs in
AD (Harada et al. 2016). Repetitive mild TBI can trigger the development of chronic
traumatic encephalopathy (CTE), a progressive neurodegeneration characterized by
the widespread deposition of hyperphosphorylated tau proteins as NFTs (McKee et al.
2009, 2013). In professional sports, there is increasing concern that football players and
boxers with a history of repeated mild TBI might have an increased risk of developing
CTE (McKee et al. 2009). There is a long latency period, usually 8—10 years, between an
individual’s exposure to repetitive TBI and the appearance of clinical symptoms and tau
aggregates in CTE (McKee et al. 2009). Therefore, the changes in ®F-THK5351 uptake
in the present case are unlikely to be associated with tau aggregates in the injured brain
after a single TBIL

TBI is characterized by initial brain damage caused by direct mechanical force and
secondary damage due to subsequent pathophysiological processes. Following the ini-
tial injury, local microenvironment changes and damaged cells release intracellular com-
ponents, triggering the activation and recruitment of resident glial cells in the injured
brain. Among the resident glial cells in the brain, astrocytes are ubiquitous cells through-
out brain tissue and play crucial roles in maintaining the homeostasis of ions, transmit-
ters, water, and blood flow that are crucial for neuronal function in the brain (Chen and
Swanson 2003). Astrocytes are pivotal responders to injury through diverse potential
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changes commonly referred to as reactive astrogliosis (Pekny and Nilsson 2005). TBI
induces reactive astrocytes in and around the lesion site and is accompanied by a promi-
nent increase in MAO-B expressions in reactive astrogliosis (Burda et al. 2016; Lev-
itt et al. 1982). Both beneficial and detrimental roles have been attributed to reactive
astrogliosis after TBI onset. For example, a potential tissue-protective effect could be
provided by glutamate uptake, free radical scavenging or neurotrophin release, while
potentially harmful effects might be caused by the release of pro-inflammatory cytokines
or cytotoxic radicals (Chen and Swanson 2003). In the present case, '*F-THK5351 PET
46 days after the TBI showed a ring-like pattern tracer uptake around the brain contu-
sions, suggesting that glial scar formation isolated the damaged area and restricted the
spread of inflammatory cells and compounds, which would provide a favorable environ-
ment for surviving neurons.

At 271 days after the TBI, '®F-THK5351 PET showed reduced uptake of "*F-THK5351
in the original sites of brain contusions and increased tracer uptake in the white mat-
ter surrounding the brain contusions and the corpus callosum. A recent animal study
showed that a single severe TBI resulted in a long-term, progressive inflammatory pro-
cess with activated microglia and astrocytes (Pischiutta et al. 2018). This process not
only involved the peri-lesional and ipsilateral hemisphere, but also extended to the con-
tralateral hemisphere one year after injury, with particular involvement of white mat-
ter structures including the corpus callosum (Pischiutta et al. 2018). Increased uptake
of BE-THK5351 within the corpus callosum in the chronic phase is of particular inter-
est, as this structure represents a region highly susceptible to TBI, suggesting that active
neuroinflammatory events driven by reactive astrogliosis are continued at this time. This
finding reflects clinical observations in moderate to severe TBI patients: an ongoing
neuroinflammatory response was evident in the corpus callosum in about one-third of
the patients surviving a year or more after a single TBI (Johnson et al. 2013). There are
increasing evidence that reactive astrocytes also play crucial roles in post-TBI synaptic
plasticity and the reorganization of the neuronal circuits (Burda et al. 2016). Astrocytes
have a dual (promoting or suppressing) role in neuronal plasticity and reconstruction,
including neurogenesis, synaptogenesis, angiogenesis, and repair of the blood—brain
barrier after TBI (Zhou et al. 2020). The overall effects of sustained reactive astroglio-
sis after TBI have not been fully elucidated and may vary with injury intensity, distance
from lesions, and stage of injury. Other cells such as brain-resident microglia are also
activated after TBI. Both astrocytes and microglia react within 24 h and peak around
day 3-7; however, microglia rapidly decline to control levels approximately 21 days,
while astrocytes exhibited a long-lasting activation, at least, 28 days after TBI (Jassam
et al. 2017). Studies have shown that the 18 kDa translocator protein (TSPO) expres-
sion is upregulated in activated microglia cells in response to inflammation or injury to
the brain and many radioligands have been synthesized for TSPO imaging (Tronel et al.
2017). A multi-targets approach of PET imaging for astrocytes and microglia activation
can help to characterize the involvement of neuroinflammation after TBI.

Recently, Ishibashi et al. reported a case of cerebral infarction in which astrogliosis
in the lesion was monitored by ®F-THK5351 PET on days 27 and 391. The uptake of
8F_THK5351 in the infarct lesion decreased significantly between the two PET exami-
nations (Ishibashi et al. 2020). The change in ¥F-THK5351 uptake in the infarct lesion
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was different from our case, suggesting that different brain pathologies induce different

spatial and temporal changes in reactive astrogliosis.

Conclusion

In the present case report, we firstly evaluated the temporal and spatial changes in reac-
tive astrogliosis using '®F-THK5351 PET after a severe TBI. The results showed dynamic
changes in ®F-THK5351 uptakes in and around the lesions between days 46 and 271,
along with sustained improvement of neuropsychological impairment. Intense '°F-
THK5351 uptake in and around the damaged areas may suggest glial scar formation
for surviving neurons in the early phase and neuronal plasticity and reconstruction in
the chronic phase, as the patient exhibited remarkable recovery from the severe TBI.
These findings suggest that the temporal and spatial changes in F-THK5351 uptake
may reflect different functions of reactive astrogliosis after TBL. Further study of '°F-
THK5351 PET with more cases can clarify the specific roles of reactive astrogliosis and

is useful in assessing pathophysiology and predicting prognosis in TBI patients.

Abbreviations

PET: Positron emission tomography; NFTs: Neurofibrillary tangles; AD: Alzheimer disease; MAO-B: Monoamine oxidase
B; TBI: Traumatic brain injury; ICP: Intracranial pressure; TSPO: 18 KDa translocator protein; TTM: Targeted temperature
management; CTE: Chronic traumatic encephalopathy.

Acknowledgements
We gratefully acknowledge the excellent technical support of the PET radiological technologists at our institution.

Authors’ contributions

TH, KK, and NK participated in the design and conceptualization of the study. KK and HS managed the patient. YY and YN
performed the PET study and data analysis. TH, NK, YY, and YN interpreted the data. NK and KM drafted and revised the
manuscript. All authors approved this study for publication.

Funding
Not applicable.

Availability of data and materials
The datasets used and/or analyzed in the current study are available from the corresponding author on reasonable
request.

Declarations

Ethics approval and consent to participate

All procedures involving human participants were performed in accordance with the ethical standards of the institu-
tional research committee of Kagawa University Faculty of Medicine and in accordance with the principles of the 1964
Declaration of Helsinki and its later amendments or comparable ethical standards.

Consent for publication
Written informed consent was obtained from the patient for publication of this case report and accompanying images.

Competing interests
The authors declare that there are no competing interests.

Author details

"Department of Neurological Surgery, Faculty of Medicine, Kagawa University, Miki-cho, Kagawa, Japan. 2Department

of Emergency and Critical Care Medicine, Kagawa University Hospital, Miki-cho, Kagawa, Japan. *Department of Neuro-
logical Surgery, Kagawa Rehabilitation Hospital, 1114 Tamura-cho, Takamatsu-shi, Kagawa 761-8057, Japan. “Department
of Diagnostic Radiology, Faculty of Medicine, Kagawa University, Miki-cho, Kagawa, Japan.

Received: 13 October 2021 Accepted: 15 November 2021
Published online: 23 December 2021

References
Burda JE, Bernstein AM, Sofroniew MV (2016) Astrocyte roles in traumatic brain injury. Exp Neurol 275(3):305-315



Hatakeyama et al. European Journal of Hybrid Imaging (2021) 5:26 Page 7 of 7

ChenY, Swanson RA (2003) Astrocytes and brain injury. J Cereb Blood Flow Metab 23(2):137-149

Harada R, Okamura N, Furumoto S, Furukawa K, Ishiki A, Tomita N et al (2016) 18F-THK5351: a novel PET radiotracer for
imaging neurofibrillary pathology in Alzheimer disease. J Nucl Med 57(2):208-214

Harada R, Ishiki A, Kai H, Sato N, Furukawa K, Furumoto S et al (2018) Correlations of '8F-THK5351 PET with postmortem
burden of tau and astrogliosis in Alzheimer disease. J Nucl Med 59(4):671-674

Ishibashi K, Miura'Y, Hirata K, Toyohara J, Ishii K (2020) Relationship between the temporal course of astrogliosis and
symptom improvement in cerebral infarction: report of a case monitored using '®F-THK5351 positron emission
tomography. BMC Med Imaging 20(1):81

Jassam YN, Izzy S, Whalen M, McGavern DB, El Khoury J (2017) Neuroimmunology of traumatic brain injury: time for a
paradigm shift. Neuron 95(6):1246-1265

Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH, Stewart W (2013) Inflammation and white matter degen-
eration persist for years after a single traumatic brain injury. Brain 136(Pt 1):28-42

Levitt P, Pintar JE, Breakefield XO (1982) Immunocytochemical demonstration of monoamine oxidase B in brain astro-
cytes and serotonergic neurons. Proc Natl Acad Sci USA 79(20):6385-6389

McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson AE et al (2009) Chronic traumatic encephalopa-
thy in athletes: progressive tauopathy after repetitive head injury. J Neuropathol Exp Neurol 68(7):709-735

McKee AC, Stern RA, Nowinski CJ, Stein TD, Alvarez VE, Daneshvar DH et al (2013) The spectrum of disease in chronic
traumatic encephalopathy. Brain 136(Pt 1):43-64

Ng KP, Pascoal TA, Mathotaarachchi S, Therriault J, Kang MS, Shin M et al (2017) Monoamine oxidase B inhibitor, selegiline,
reduces '8F-THK5351 uptake in the human brain. Alzheimers Res Ther 9(1):25

Pekny M, Nilsson M (2005) Astrocyte activation and reactive gliosis. Glia 50(4):427-434

Pischiutta F, Micotti E, Hay JR, Marongiu I, Sammali E, Tolomeo D et al (2018) Single severe traumatic brain injury pro-
duces progressive pathology with ongoing contralateral white matter damage one year after injury. Exp Neurol
300:167-178

Takami'Y, Yamamoto Y, Norikane T, Mitamura K, Hatakeyama T, Nishiyama Y (2020) 18F-THK5351 PET can identify lesions
of acute traumatic brain injury. Clin Nucl Med 45(11):e491-e492

Tronel C, Largeau B, Santiago Ribeiro MJ, Guilloteau D, Dupont AC, Arlicot N (2017) Molecular targets for PET imaging of
activated microglia: the current situation and future expectations. Int J Mol Sci 18(4):802

Zhou'Y, Shao A, Yao Y, Tu S, Deng Y, Zhang J (2020) Dual roles of astrocytes in plasticity and reconstruction after traumatic
brain injury. Cell Commun Signal 18(1):62

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Temporal and spatial changes in reactive astrogliosis examined by 18F-THK5351 positron emission tomography in a patient with severe traumatic brain injury
	Abstract 
	Background: 
	Case presentation: 
	Conclusions: 

	Background
	Case presentation
	Discussions
	Conclusion
	Acknowledgements
	References


