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NEUROSCIENCE

Beta2 adrenergic receptor-mediated abnormal
myelopoiesis drives neuroinflammation in aged
patients with traumatic brain injury

Rui Jiang"*t, Zhichao Lu'*t, Chenxing Wang'*t, Jun Xiao'3, Qiangian Liu'*, Xide Xu'*,
Jinlong Shi'*, Jianhong Shen'*, Xingjia Zhu'*, Peipei Gong'*, Qian-Xing Zhuang®*,

Kaibin Shi%%*, Wei Shi'%*

Aged patients often suffer poorer neurological recovery than younger patients after traumatic brain injury (TBI),
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but the mechanisms underlying this difference remain unclear. Here, we demonstrate abnormal myelopoiesis
characterized by increased neutrophil and classical monocyte output but impaired nonclassical patrolling mono-
cyte population in aged patients with TBI as well as in an aged murine TBl model. Retrograde and anterograde
nerve tracing indicated that increased adrenergic input through the central amygdaloid nucleus-bone marrow
axis drives abnormal myelopoiesis after TBl in a §2-adrenergic receptor-dependent manner, which is notably en-
hanced in aged mice after injury. Selective blockade of $2-adrenergic receptors rebalances abnormal myelopoie-
sis and improves the outcomes of aged mice after TBl. We therefore demonstrate that increased f2-adrenergic
input-driven abnormal myelopoiesis exacerbates post-TBI neuroinflammation in the aged, representing a mecha-
nism underlying the poorer recovery of aged patients and that blockade of $2-adrenergic receptor is a potential

approach to promote neurological recovery after TBI.

INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of death and disability
worldwide (I, 2). Besides craniotomy, a life-saving measure for severe
patients, there is currently no approved pharmacologic treatment for
TBI (3). The incidence of TBI in the aged population has risen rapidly
over the past decades; patients older than 65 years have the highest
frequency of hospital admissions caused by TBI and a twice of the
mortality of young patients (4-6). Growing evidence suggests that an
imbalance in the immune response may be responsible for the higher
mortality, greater susceptibility to secondary infections, and poorer
behavioral recovery (7-9). Aging has profound effects on the immune
system, manifested as myeloid-biased hematopoiesis and changes in
lymphocyte phenotypes, but the extent to which these age-related
changes affect the outcome of TBI is still unclear.

Acute brain injury rapidly orchestrates the peripheral immune sys-
tem (10). Triggering leukocyte infiltration of the brain parenchyma,
myeloid cells including neutrophils and monocytes reach the brain
within hours of injury and peak in number several days after the initial
injury, outnumbering other immune cell subtypes (11). How aging af-
fects the composition and function of myeloid cell subpopulations in-
filtrating the brain parenchyma after TBI is still unclear. Bone marrow
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is involved in the continued supply of myeloid cells to the brain after
TBI (12). Aged bone marrow is characterized by exacerbated myelo-
poiesis. We therefore examined the cranial bone marrow of patients
who underwent debridement surgery to clarify the effects of aging on
hematopoietic and immune systems of patients with TBI. We uncover
that aged patients with TBI exhibit abnormal myelopoiesis character-
ized by increased neutrophil, classical monocyte output, and impaired
nonclassical monocyte production. Increased adrenergic input from
the central amygdaloid nucleus (CeA)-bone marrow axis drives ab-
normal post-TBI myelopoiesis in a f2-adrenergic receptor-dependent
manner, which is notably enhanced in aged mice after injury. Selective
blockade of f2-adrenergic receptors rebalances abnormal myelopoiesis
and improves prognosis in aged mice after TBL.

RESULTS

Aging drives bone marrow HSCs toward the myeloid lineage
and inhibits the differentiation of nonclassical monocytes in
patients with TBI

We initially characterized the composition of the major myeloid and
lymphoid cells in the peripheral blood of patients with TBI, including
neutrophils (CD45"CD15*CD16*CD66b*), nonclassical monocytes
(CD45*CD14*CD16™"), classical monocytes (CD45*CD14*CD16"7),
T cells (CD457CD3"), and B cells (CD45*CD3~CD19"). Compared
to healthy individuals, patients with TBI had significantly more my-
eloid cells in peripheral blood, whereas they had significantly fewer
lymphocytes in the peripheral blood after TBI. Neutrophil counts in
the peripheral blood of patients with TBI peaked as early as day 1 af-
ter TBI, and monocyte counts peaked on day 3 after TBI. The num-
bers of neutrophils and classical monocytes in the peripheral blood of
aged patients with TBI were significantly higher than those in the pe-
ripheral blood of young patients with TBI. In contrast, the number of
nonclassical monocytes in the peripheral blood of young patients with
TBI was consistently greater than that in the peripheral blood of aged
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patients (Fig. 1A and fig. S1A). The serum levels of the anti-inflammatory
cytokines interleukin-4 (IL-4) and IL-10 were higher in young pa-
tients, while the levels of proinflammatory cytokines, including
tumor necrosis factor-o (TNF-a) and IL-1f, were lower in young pa-
tients (fig. S2, A to D).

To better understand whether the differences in peripheral immune
profiles between young and aged patients affect the inflammatory mi-
lieu of the injured brain, we collected brain tissue removed from pa-
tients who underwent surgery and investigated the numbers of immune
cells infiltrating the brain. Consistent with the changes in the peripheral
immune system, there was a surge of infiltrating neutrophils and mono-
cytes during the acute phase of injury, with neutrophils peaking on day
1 and monocytes continuously increasing to day 7 after injury. Regard-
ing age-dependent differences, the frequencies of infiltrating neutro-
phils and classical monocytes in the brain were significantly higher in
aged patients with TBI than in young patients with TBI, while the fre-
quency of nonclassical monocytes was higher in the brains of young
patients than in those of aged, consistent with the findings on day 7
(Fig. 1B and fig. S3A). The frequency of lymphocytes in the central ner-
vous system (CNS) increases continuously after TBI and is comparable
between young and aged individuals. These data demonstrate a discrep-
ancy in myeloid responses between young and aged patients with TBI,
which might contribute to the different disease outcomes.

Myeloid cells have relatively short longevity, and the replenishment
of cells from hematopoietic organs [e.g., bone marrow-derived hema-
topoietic stem cells (HSCs) and progenitor cells] is often enhanced dur-
ing acute injuries and infections (12-14). To assess the response of the
hematopoietic system in young and aged patients after TBI, we ob-
tained bone marrow cells from skull bone flaps removed from patients
with TBI who underwent decompression surgery. After TBI, we ob-
served a significant increase in the proportion of HSCs in the cranial
bone marrow of aged patients with TBI compared to young patients,
which was accompanied by an increase in the proportion of Ki67* HSCs
(Fig. 1, C to E), suggesting enhanced proliferation ability. To charac-
terize the fate of HSCs in the cranial bone marrow after TBI, we de-
tected downstream changes in the proportion of progenitor cells. Flow
cytometry suggested a significant increase in the proportion of my-
eloid progenitors, including common myeloid progenitors (CMPs)
and granulocyte-monocyte progenitors (GMPs), in the cranial bone
marrow of aged patients with TBI. In contrast, the proportion of com-
mon lymphoid progenitor cells (CLPs) decreased (Fig. 1F). These results
suggest that TBI increases the activity of HSCs in the bone marrow of
patients and skews hematopoiesis toward myeloid hematopoiesis,
which is more prominent in aged patients with defective nonclassical
monocyte population (Fig. 1G).

Aging drives bone marrow HSCs toward the myeloid lineage

and inhibits the differentiation of Ly6C'®” monocytes

in TBI mice

To further clarify the mechanisms underlying the discrepancy in my-
elopoiesis between young and aged patients with TBI, we created a
controlled cortical impact (CCI) TBI murine model. Evaluation of
neurological function showed that young mice had a faster and better
recovery in sensorimotor function than did aged mice after TBI
(fig. S4, H to I). Consistent with our findings in patients with TBI, the
number and proportion of HSCs and progenitor cells (Lineage™ c-
Kit"Scal*), termed as LSKs, were significantly increased in the bone
marrow of mice after TBI, and aged TBI mice showed more intense
LSKs expansion than young mice. We then tested whether the increased
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LSKs in bone marrow were motivated to the blood and exert extra-
medullary hematopoiesis and found that the number and proportion
of LSKs in peripheral blood and spleen significantly decreased after
TBI in both young and aged mice (fig. S5, A to F), in agreement with
a previous study (15). In addition, we similarly found a significant in-
crease in the number of CMPs, GMPs, and monocyte-dendritic pro-
genitors (MDPs) as well as a significant decrease in the number of
CLPs in the bone marrow of TBI mice compared to sham controls,
while the responses were more prominent in aged mice than in young
mice after TBI (Fig. 2, A to E and figs. S4A and S6, A to H).

We next evaluated whether the changes in progenitor cells gave
rise to mature myeloid cells in the bone marrow of aged and young
TBI mice (Fig. 2G). The results of flow cytometry showed that the
numbers of neutrophils and Ly6Chlgh monocytes (corresponding to
classical monocytes in humans) were significantly increased in the
bone marrow of TBI mice. Notably, compared to those in young TBI
mice, the numbers of neutrophils and Ly6C"'8" monocytes were high-
er in the bone marrow of aged TBI mice, whereas the number of Ly-
6CY monocytes (corresponding to nonclassical monocytes in humans)
was relatively lower in aged mice (Fig. 2H), suggesting a defected Ly-
6C"" monocytes population in aged mice after TBI. We then longi-
tudinally observed changes in monocyte subtypes from surgery to 28
days after TBI. The number of Ly6C'®” monocytes in the bone mar-
row of young TBI mice increased rapidly after injury and was sig-
nificantly higher than Ly6C1°w monocytes count of bone marrow of
aged TBI mice from day 1 to 7 after TBI. In contrast, the number of
Ly6C"8" monocytes in the bone marrow of aged TBI mice was con-
sistently higher than that in the bone marrow of young mice until day
28 after TBI (Fig. 2, I and J). Regarding the relative proportions of
monocyte subtypes in each group, the frequency of Ly6Clow mono-
cytes in the bone marrow of young mice rose rapidly after TBL, out-
numbering Ly6Chlgh monocytes on day 1, whereas the frequency of
Ly6C'™ monocytes in the bone marrow of aged TBI mice rose at a
slower rate, outnumbering Ly6C"'8" monocytes till day 7 (Fig. 2, K
and L). To further figure out the fate of increased bone marrow LSKs,
we performed lineage tracing of bone marrow HSC differentiation
by adopting Fgd5-CreER-tdTomato mouse line, in which, HSCs and
their downstream progenitors and mature cells will be labeled by td-
Tomato upon activation by tamoxifen (10, 16). Compared to sham
control, TBI significantly increased the proportion of tdTomato™ HSCs
and myeloid progenitors in the bone marrow of Fgd5-CreER-td Tomato
mice, confirming the increased myelopoiesis in the bone marrow af-
ter TBL. In addition, td Tomato™ Ly6C10W monocytes were significant-
ly increased in the bone marrow of young Fgd5-CreER-tdTomato
mice, but not Ly6C"¢" monocytes, suggesting enhanced Ly6C'*"
monocyte generation in young mice after TBI (fig. S7, A and B). More-
over, the serum concentrations of TNF-a and IL-1p were higher in
aged TBI mice, and the serum concentrations of IL-4 and IL-10 were
higher in young TBI mice after TBI (fig. S4, B to E).

To further clarify whether changes in the hematopoietic system af-
fect the development of neuroinflammation after TBI, we examined
the number of myeloid cells infiltrating the brain after TBI. We de-
tected more neutrophils and Ly6C"®" monocytes in the brains of aged
mice, but there were more Ly6C'®" monocytes in the brains of young
mice after TBI (Fig. 2, M and N). The proportions of monocytes that
produce cytokines including IL-1p, IL-6, and TNF-o were higher in
aged brains than in young brains after TBI, while IL-10* monocytes
were more abundant in young brains (Fig. 20 and fig. S8A). Immuno-
fluorescence suggested that brain-infiltrating macrophages in young
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Fig. 1. Aging drives bone marrow HSCs toward myeloid lineage and inhibits nonclassical monocyte response in patients with TBI. (A) Bar plots show the numbers
of neutrophils, nonclassical monocytes, classical monocytes, T cells, and B cells in the peripheral blood. n = 21 in normal young or aged; n = 14, 14, 11 in young patients
with TBl at days 1, 3,and 7; n = 14,12, 11 in aged patients with TBI at days 1, 3, and 7. (B) Bar plots show the proportions of neutrophils, nonclassical monocytes, classical
monocytes, T cells, and B cells in brain tissue of patients with TBI. n = 14, 8, 4 in young patients with TBl at days 1, 3, and 7; n = 14, 10, 5 in aged patients with TBl at days 1,
3,and 7. (C) Flow cytometry gating strategy for human bone marrow cell lineages, including HSCs (Lin"CD38~CD34+CD90*CD45RA~CD49f"), CMPs (Lin-CD38¥CD34"CD45RA ™),
GMPs (Lin"CD387CD34*CD45RA™), and CLPs (Lin"CD38~CD34"CD90 CD45RA"). (D) Graph shows the percentage of HSCs in cranial bone marrow. (E) Flow cytometry
plots and bar plots show Ki67* HSCs in cranial bone marrow. (F) Bar plots show the percentages of CMPs, GMPs, and CLPs in cranial bone marrow. (G) Bar plots show the
frequencies of neutrophils, nonclassical monocytes, classical monocytes, and B cells in cranial bone marrow. (D to G) Young non-TBI, n = 4; aged non-TBI, n = 6; young TBI,
n = 8; aged TBI, n = 10. Data are represented as means + SEM. *P < 0.05, **P < 0.01, **#P < 0.001, ****P < 0.0001. Statistical analyses were performed using two-tailed
unpaired Student’s t test (D to G) and two-way analysis of variance (ANOVA) followed by Tukey post hoc test (A and B).
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Fig. 2. Aging drives bone marrow HSCs toward myeloid lineage and inhibits Ly6C'°'” monocyte response in TBI mice. (A) Flow cytometry gating strategy for mouse
bone marrow cell lineages, including LSK (Lin~Sca-1*c-Kit*), CMP (Lin~Sca-1"c-Kit*CD34CD16/32™), GMP (Lin~Sca-1"c-Kit"CD34*CD16/32"), MDP (Lin~Sca-1"c-Kit*CD
34*CD16/32"CD1 15%), and CLP (Lin"Sca-1 inte_Kit™CD1 277%). (B to F) Bar plots show counts of LSKs, CMPs, GMPs, MDPs, and CLPs in bone marrow of young and aged mice
at day 3 after TBI. (G) Flow cytometry gating strategies for myeloid cells in mouse bone marrow, including neutrophils (CD45*CD11b*F4/807Ly6G™), Ly6C'°W monocytes
(CD45*CD11b™F4/807Ly6G Ly6C'"), and Ly6C"9" monocytes (CD457CD11b*F4/80"Ly6G Ly6C"'9"). (H) Bar plot shows the numbers of neutrophils and monocytes in
bone marrow at day 3 after TBI. ( and J) Changes of bone marrow Ly6C'®" and Ly6C"9" monocyte counts after TBI. (K and L) Changes of Ly6C'®" and Ly6C"9" monocytes
proportion in total monocytes in young and aged bone marrow. (M and N) Flow cytometry gating strategies of bone marrow myeloid cells. Bar plot shows the numbers
of neutrophils, Ly6C'°%, and Ly6C"9" monocytes in the brains on day 3 after TBI. (0) Bar plot shows the proportions of IL-1p*, IL-6, TNF-a*, and IL-10* monocytes at day 3
after TBI. (P and Q) Line plots show changes in the number of Ly6C'°"" and Ly6Chigh monocytes in the bone marrow. (R and S) Line plots show changes in the proportions
of Ly6C'°W and Ly6Chigh monocytes in total monocytes in the brains. n = 12 per group for (B) to (F). n = 6 per group for (H) to (L) and (N) to (S). Data are represented as
means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analyses were performed using two-tailed unpaired Student’s t test (B to F, H, N, and O) and

two-way ANOVA followed by Tukey post hoc test (I and J and P and Q).
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TBI mice highly expressed CD206, programmed cell death ligand 1
(PD-L1), and IL-10 compared with those in aged TBI mice (fig. 4,
F and G). Consistent with the changes in the bone marrow after TBI,
the number of brain-infiltrated Ly6C'®" monocytes in young mice
rose rapidly after TBI to a significantly higher proportion than that
in aged mice at 7 and 14 days after TBI (Fig. 2, P and Q). In contrast,
Ly6Ch‘g'h monocytes predominated in the brains of aged TBI mice,
recapitulating the findings in patients with TBI. Similarly, the pro-
portion of Ly6C'°" monocytes in the brains of young mice rose rap-
idly after injury, with a proportional reversal occurring before day 1,
whereas the proportion of Ly6C'® monocytes in the brains of aged
TBI mice rose at a slower rate, the proportional reversal occurring
after day 1 (Fig. 2, R and S). These data demonstrate that bone mar-
row population of Ly6C1°W monocytes is impaired in aged subjects,
which potentially contribute to their overwhelming brain inflamma-
tion and poorer outcomes.

Increased adrenergic input through the CeA-bone marrow
axis drives abnormal myelopoiesis after TBI

Hematopoiesis is coordinately regulated by short-range focal sig-
nals as well as long-range signals (17). Sympathetic nervous system
(SNS) is involved in hematopoiesis regulation (18). To test whether
SNS contributes to the abnormal myelopoiesis after TBI, we mea-
sured the serum norepinephrine (NE) concentration in young and
aged patients with TBI and in healthy controls. In healthy controls,
serum NE in aged adults were higher than that in young adults.
TBI induced a significant increase of seral NE concentration in both
young and aged patients. Serum NE was significantly higher in aged
than in young patients with TBI (Fig. 3A). Tyrosine hydroxylase (TH)
staining of skulls obtained postoperatively from patients with TBI
showed a higher density of sympathetic nerves in the skulls of aged
patients with TBI, consistent with the elevated NE concentration in
the supernatant of aged patients (Fig. 3, B to D).

To localize the brain region that innervates bone marrow, we ret-
rogradely traced the nervous system by injecting red fluorescent pro-
tein-labeled pseudorabies virus (PRV-RFP) into the femur bone marrow
of mice. Three days after virus injection, we observed red fluorescent
signals in the paraventricular nucleus (PVN), CeA, and zona incerta
(ZI) regions (Fig. 3E). To further confirm which region directly affects
the bone marrow, we subsequently injected an adeno-associated virus
overexpressing JRGECO1la (AAV9-jRGECO1a) in the above three re-
gions and combined it with a fiber-optic recording system to record
calcium imaging signal (Fig. 3F). Calcium imaging signals in the CeA
showed strong enhancement after TBI that persisted until day 7 after
injury (Fig. 3, G and H), while the signals remained unchanged in the
PVN and ZI (Fig. 3, 1and J). In addition, anterograde nerve tracing by
injecting herpes simplex virus (HSV) labeled with green fluorescent
protein (GFP) with TH as a promoter (HSV-TH-GFP) in the CeA re-
gion showed that the CeA directly innervates the bone marrow (fig. S9).
Correspondingly, NE significantly increased in peripheral blood and
bone marrow supernatant after TBI, and it was even higher in aged
mice than in young mice (Fig. 3, K and L), as was the number of TH"
fibers in bone marrow (Fig. 3M). These results are in agreement with
the results observed in human patients with TBI.

We then tested whether the activity of CeA neurons was respon-
sible for bone marrow myelopoiesis. We used a chemical genetics ap-
proach with muscarinic receptor-based DREADD to manipulate the
activity of TH" neurons in the CeA. Gq-coupled DREADD (hM3Dq)
was used to enhance neuronal activity, while Gi/o-coupled DREADD
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(hM4Di) was used to inhibit neuronal activity. After 30 days of AAV9-
TH-hM4Di or AAV9-TH-hM3Dq virus injection into the CeA of the
brains of young and aged mice, the mice were treated with deschloro-
clozapine (DCZ) for 7 days to modulate electrophysiological activity
in the CeA after TBI was induced. Electrophysiological recordings re-
vealed that CeA neuronal activity was inhibited in mice receiving
AAV9-TH-hM4Di injection and up-regulated in mice receiving AAV9-
TH-hM3Dq injection (Fig. 4A and fig. S10, A to D). Under physiolog-
ical conditions, the inhibition of CeA by AAV9-TH-hM4Di resulted
in the suppression of bone marrow hematopoiesis throughout the lin-
eage, whereas the enhancement of CeA by hM3Dq resulted in the en-
hancement of bone marrow hematopoiesis (fig. S11, A to J). However,
the TBI-induced hematopoietic progenitor cell response and myelo-
poiesis of neutrophils and Ly6Chlgh monocytes were inhibited in the
hM4Di group and enhanced in the hM3Dq group, while the changes
in Ly6C™™ monocytes were the opposite (Fig. 4, B to I). Correspond-
ingly, the number of neutrophils and Ly6C"" monocytes infiltrating
the brain decreased in the hM4Di group and increased in the hM3Dq
group, whereas the number of brain-infiltrating Ly6Clow monocytes
increased in the hM4Di group but decreased in the hM3Dq group
(Fig. 4, ] to L). CD86 was down-regulated in monocyte-derived mac-
rophages in the TBI brain, but CD206 and PD-L1 were up-regulated
in the hM4Di group after TBI (Fig. 4, M to P). We then evaluated
whether the modulation of CeA activity could affect the outcome of
TBI mice. Both young and aged hM4Di mice showed better neuro-
logical recovery and smaller lesion sizes after TBI, whereas neurologi-
cal damage and lesion size were exacerbated in the hM3Dq group
(Fig. 4, Q to S). Together, these findings indicate that TBI increases
adrenergic input via the CeA-bone marrow axis, which promotes
neutrophil and Ly6C"¢" monocyte generation with impaired Ly6C'®"
monocyte response, exacerbating neuroinflammation and worsening
outcomes of TBI mice.

Adrenergic p2 receptor signaling mediates impaired Ly6C'"
monocyte response in aged TBI mice
To further uncover the mechanism underlying impaired Ly6Clow mono-
cyte response in aged TBI mice, we tested whether aged bone marrow
progenitor cells are responsible for abnormal myelopoiesis by trans-
planting bone marrow cells from aged GFP mice to 8-month-old mice.
Mice that received transplantation of young bone marrow were used
as controls. Compared with young bone marrow-transplanted mice,
aged bone marrow-transplanted mice showed higher CMPs, GMPs,
and MDPs in the bone marrow, together with higher neutrophil and
Ly6Chigh monocyte output. However, the population of Ly6Cl°W mono-
cytes was insufficient in aged bone marrow-transplanted mice (Fig. 5,
A to C). Moreover, the brains of TBI mice that received aged bone
marrow transplants exhibited greater infiltration of neutrophils and
Ly6C"8" monocytes, while they had fewer Ly6C'®" monocytes (Fig. 5,
D and E, and fig. S12, A and B). These data recapitulate bone marrow
responses in aged versus young mice after TBI, suggesting that aged
bone marrow progenitor cells are involved in abnormal myelopoiesis
after TBL

We then performed RNA sequencing of the bone marrow to study
the molecular mechanisms underlying the discrepant bone marrow
responses between aged and young mice before and after TBI. We iso-
lated bone marrow from mice femurs on day 3 after TBI. The results
of principal components analysis (PCA) showed that the transcrip-
tomes of bone marrow samples from aged and young mice before and
after TBI were spatially separated, suggesting distinct transcriptional
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profiles (Fig. 5F). Hierarchical clustering showed that genes associ-
ated with myeloid cell differentiation, cell migration, cytokine sig-
naling pathways, the inflammatory response, and the hematopoietic
response, such as Adrb2, Gatal, Treml, Igf2, Nirp3, and Kitl,
were significantly up-regulated in the bone marrow of aged TBI mice
(Fig. 5G). Visualization of the fragments per kilobase of exon per
million mapped fragments (FPKM) of Adrb2, Nlrp3, and Kitl fur-
ther confirmed their up-regulation after TBI, which was more pro-
nounced in aged TBI mice than young TBI mice (Fig. 5H). Gene
Ontology (GO) analysis of enriched biological processes revealed
that genes up-regulated in the bone marrow of aged TBI mice were
associated with leukocyte proliferation and development, immune
system response, and positive regulation of hematopoiesis (Fig. 5I).
Similarly, Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment analysis showed that the genes up-regulated in the bone
marrow of aged TBI mice were involved in hematopoietic cell
lineage differentiation, the adenosine monophosphate-activated
protein kinase signaling pathway, the TNF signaling pathway, the
nuclear factor kappa B signaling pathway, and other hematopoietic
and inflammation-related signaling pathways (Fig. 5]). Gene set en-
richment analysis (GSEA) showed that aged mice exhibited enhanced
activity of pathways associated with myelopoiesis after TBI, includ-
ing genes related to myeloid cell differentiation and up-regulated
adrenergic receptor signaling pathway activity. Conversely, immu-
noregulatory interactions were significantly up-regulated in the
bone marrow of young TBI mice (Fig. 5K).

To confirm the up-regulation of Adrb2 in bone marrow of aged
mice and determine whether other adrenergic receptors are involved,
we examined the transcript levels of a battery of adrenergic receptors
in bone marrow samples from mice and human specimens after TBI
by quantitative reverse transcription polymerase chain reaction (qRT-
PCR). The results demonstrated that B2 receptor-related genes (Adrb2
and ADRB2) were the only genes up-regulated in both aged mice and
patients after TBI compared to their young controls (Fig. 5, L and M).
Detection of Adrb2-expressing cell types in the bone marrow of mice
after TBI showed that Adrb2 was widely expressed in bone marrow
HSCs and precursors (fig. S13A).

We then tested whether B2 adrenergic receptor is responsible for
abnormal bone marrow hematopoiesis in aged mice after TBI by gen-
erating Adrb2 knockout mice (Adrb2™'"). Flow cytometry results sug-
gested that the number or frequency of bone marrow LSK cells before
and after TBI were comparable between Adrb2™'~ and wild-type (WT)
mice, suggesting that Adrb2 deficiency has no impact on the prolif-
eration of HSCs or progenitor cells in mice (Fig. 6A). Nevertheless,
the TBI-induced up-regulation of myeloid Erogenitors in bone mar-
row and increased neutrophil and Ly6C"" monocyte output were
inhibited in both aged and young Adrb2™'~ mice. Ly6C'°" monocyte
response was greater in both young and aged Adrb2™'~ mice after
TBI than in WT mice (Fig. 6, B to H). There were fewer brain-
infiltrated neutrophils and Ly6Chigh monocytes in Adrb2™'~ mice,
but the numbers of Ly6C'®" monocytes were increased (Fig. 6I).
Adrb2 knockout resulted in positive gains in TBI mice of different
ages, as evidenced by the up-regulation of macrophage immuno-
modulatory function, decreased concentrations of proinflammatory
cytokines (TNF-a and IL-1p), and increased concentrations of anti-
inflammatory cytokines (IL-4 and IL-10) in peripheral blood (Fig. 6,
J and K). Both young and aged Adrb2~'~ mice showed better recov-
ery of neurological deficits after TBI, with smaller lesions on MRI
(Fig. 6, L to N).

Jiang et al., Sci. Adv. 10, eadp5239 (2024) 19 July 2024

To further clarify the role of Adrb2 of hematopoietic cells on myelo-
poiesis, we constructed four bone marrow chimeric mouse models to
determine whether Adrb2 acts in the hematopoiesis compartment to
influence myelopoiesis in TBI as shown in fig. S14. Compared to WT-
WT and WT-Adrb2™"~ chimeric mice, deficiency of Adrb2 in bone
marrow inhibited abnormal myelopoiesis after TBI, with reduced neu-
trophil and Ly6Chigh monocytes but increased Ly6C10W monocytes
(ﬁ% S14, B to E). In addition, brain infiltration of neutrophils and Ly-
6C"€" monocytes were reduced in Adrb2~"WT and Adrb2™'~ Adrb2™'~
chimeric mice after TBI (fig. S14F).

To further confirm the role of the 2 adrenergic receptor on ab-
normal myelopoiesis after TBI, we enhanced neural electrical activity
in the CeA after TBI in Adrb2™'~ mice by using AAV9-TH-hM3Dq
(fig. S15A). Compared to that in WT mice, enhancement of CeA ac-
tivity did not increase the number of myeloid progenitors in bone
marrow of Adrb2™'~ mice (fig. S15, B and C) or affect the number of
neutrophils or Ly6C"#" monocytes in the bone marrow and brains
but instead increased the number of Ly6Cl°W monocytes (fig. S15,
DandE).

Opverall, these data demonstrated that increased adrenergic input
in aged mice triggers abnormal bone marrow myelopoiesis via 2 ad-
renergic receptor, generic deficiency of Adrb2 rebalanced bone mar-
row myelopoiesis and improved the outcome of TBI mice.

Pharmacologic inhibition of f2-adrenergic receptor
rebalances bone marrow myelopoiesis and improves
outcomes in aged TBI mice

We then aimed to test whether f2-adrenergic innervation can be de-
veloped as a drug target to improve the clinical outcome of aged TBI
mice. We investigated the effects of the selective f2-adrenergic re-
ceptor inhibitor, ICI118551 on bone marrow myelopoiesis and TBI
prognosis. Consistent with findings from Adrb2™'~ mice, treatment
with ICI118551 had no effect on the number of bone marrow LSK
cells after TBI in mice but significantly suppressed myeloid progeni-
tors and the generation of neutrophils and Ly6C™¢" monocytes after
TBI and enhanced Ly6C1°W monocytes population, with reduced brain
infiltration of neutrophils and Ly6CM¢" monocytes but enhanced Ly-
6Clv monocytes, more regulatory macrophages in the CNS, higher
concentrations of immune-modulatory cytokines, and lower concen-
trations of proinflammatory cytokines in the peripheral blood (Fig. 7,
A to C, and fig. S16, A to D). ICI118551 treatment promoted the re-
covery of sensorimotor function and reduced lesion size in both aged
and young mice after TBI. In addition, ICI118551 treatment reduced
the mortality of TBI mice (Fig. 7, D to F) and improved the learning
and memory function during the chronic phase, with improved long-
duration potentiation potential (LTP) (Fig. 7, G to M, and fig. S17).
These data suggest that pharmaceutical inhibition of f2-adrenergic
rebalances myelopoiesis and improves outcomes in both aged and
young TBI mice.

DISCUSSION

Bone marrow is involved in the process of damage repair following
acute brain injury by enhancing the output of nonclassical mono-
cytes (10, 12). This study demonstrates an abnormal myelopoiesis in
aged patients with TBI, characterized by impaired output of nonclas-
sical monocytes accompanied by increased output of neutrophils and
classical monocytes, which potentially contribute to the poorer neu-
rological outcome of older patients.
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Fig. 6. f2-adrenergic receptor mediates abnormal myelopoiesis in aged bone marrow after TBI. (A) Flow cytometry plots and bar plots show changes in the number
of LSKs in the femoral bone marrow before and after TBI in aged and young WT mice and Adrb2™'~ mice. (B to H) Bar plots show changes in the numbers of LSKs, CMPs,
GMPs, MDPs, CLPs, neutrophils, Ly6C'°W monocytes, and Ly6Chigh monocytes in the femoral bone marrow before and after TBl in aged and young WT and Adrb2™"~ mice.
(I) Bar plots show changes in the proportions of neutrophils, Ly6C'®" monocytes, and Ly6C"9" monocytes after TBI in aged and young WT mice and Adrb2~'~ mice after
TBI. (J) mean fluorescence intensity (MF) of indicated molecules in macrophages of aged and young WT and Adrb2™~ mice after TBI. (K) Bar plots show changes in cyto-
kine levels in the peripheral blood of aged and young WT mice and Adrb2~'~ mice after TBI. (L) mNSS of aged and young WT mice and Adrb2™'~ mice after TBI. (M) Fall
latency of the rotarod test after TBI in aged and young WT mice and Adrb2™'~ mice. (N) Magnetic resonance (MR) images of aged and young WT mice and Adrb2~~ mice
on day 14 after TBl and quantitative analysis. n = 6 per group. Data are represented as means + SEM. *P < 0.05, **P < 0.01, **#P < 0.001, ****P < 0.0001, Statistical analy-
ses were performed using two-way ANOVA followed by Tukey’s post hoc test.

Nonclassical monocytes are usually converted from classical
monocytes (19, 20). However, HSC lineage-tracing data suggest
that newborn Ly6C'®" monocytes were increased in the bone mar-
row after TBI, but not Ly6C"'" monocytes, demonstrating that the
population of Ly6C'®" monocytes is enhanced after TBI, although
we could not clarify whether Ly6ClOW monocytes are generated
separately.

Jiang et al., Sci. Adv. 10, eadp5239 (2024) 19 July 2024

The frequency of myeloid progenitor cells in the bone marrow
rises significantly to fulfill the requirement of a large myeloid cell out-
put, which is again more pronounced in aged patients with TBIL. To
gain mechanistic insight into these clinical findings, we conducted a
comprehensive investigation in TBI mice. These experiments revealed
that abnormal myelopoiesis after TBI is driven by enhanced ad-
renergic inputs to the CeA-bone marrow axis in a B2-adrenergic
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receptor—-dependent manner in the aged. Selective pharmacological
blockade of f2-adrenergic receptors rebalances abnormal myelopoi-
esis and improves prognosis in aged mice after TBI.

HSCs continually replenish immune cells, and this replenishment
is especially critical for shorter-lived immune cells such as granulo-
cytes and monocytes (21). During aging, blood cell production shifts
to myeloid cells at the expense of lymphocytes, a change that has been
associated with a higher risk of a variety of myeloid-related conditions,
such as myelodysplastic syndromes and leukemia (22, 23). Our data
suggest that myeloid hematopoiesis is significantly up-regulated dur-
ing emergency hematopoiesis mobilized by the bone marrow after
TBI, a phenomenon that is particularly evident in aged patients with
TBI. Along with bone marrow, the spleen can induce mononucleosis
under conditions of psychological stress. Chronic social stress in mice
leads to splenomegaly, attributed to granulocyte accumulation and ex-
tramedullary hematopoiesis, which increases circulating monocyte
populations (24). However, our study identified significant suppres-
sion of extramedullary hematopoiesis (in the peripheral blood and
spleen) after TBI, which was particularly pronounced in aged mice.
This finding is consistent with previous reports (15). At the molecular
level, aged bone marrow after TBI up-regulates the expression of genes
associated with the stress response and inflammation, as well as genes
involved in myeloid differentiation. Previous studies demonstrated
that in the physiological state, compared to aged HSCs, young HSCs
exhibit increased self-renewal-related gene expression, that is, HSC
exhaustion is a hallmark of aging immunity (25-27). However, the
activation of bone marrow HSCs in aged patients after TBI suggests
that more features of pathologically aged bone marrow still need to be
explored.

Aging of the immune system is associated with dramatic changes
in the distribution and functional properties of immune cells (28).
Nonclassical patrolling monocytes can repair cerebrovascular units,
suppress neuroinflammation, and improve neurological outcomes
(20, 29). We found that bone marrow impairs the output of nonclas-
sical monocytes in aged patients, potentially contributing to the
poorer prognosis of aged patients. Complex cellular and molecular
cues coordinated between hematopoietic stem and progenitor cells
(HSPCs), perivascular stromal cells, and the autonomic nervous sys-
tem, particularly sympathetic noradrenergic nerve fibers, control
HSPC proliferation, regeneration, and differentiation (30). Increased
f2-adrenergic signaling during aging promotes myeloid expansion
(17). Our results suggest that aging-induced impairment of nonclas-
sical monocyte output is dependent on p2-adrenergic receptor sig-
naling. Both aged mice and patients exhibited a dramatic increase in
NE in bone marrow after TBI compared with young mice and pa-
tients. Imaging of thick bone sections in this study demonstrated that
the density of adrenergic fibers was significantly increased in the
bone marrow after TBI, which was particularly evident in aged mice.
However, the enhanced sympathetic response in Adrb2™'~ mice after
TBI does not result in abnormal myelopoiesis or impaired output of
nonclassical monocytes, suggesting that it is a neurotransmission-
induced pathologic change (p2-adrenergic receptor) rather than a
result of the generalized enhancement of sympathetic innervation of
the bone marrow during aging after TBI. Previous reports also sup-
port our view: Shi et al. (10) reported that enhanced bone marrow
sympathetic innervation in young patients with intracerebral hemor-
rhage (ICH) promotes the output of nonclassical monocytes and
thus aids in the repair of brain injury. The study by Liu et al. (12) on
the prognosis of patients with TBI combined with fractures similarly
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found that enhanced sympathetic bone marrow innervation after
TBI in young mice promoted the population of nonclassical mono-
cytes and M2-like macrophages, which in turn facilitated fracture re-
pair. Notably, activation of the hypothalamic pituitary adrenal (HPA)
axis promotes the proliferation of myeloid progenitor cells and in-
duces inflammatory myelopoiesis (31), and the difference in HPA axis
viability after TBI may synergize with enhanced sympathetic inner-
vation of the bone marrow, which together contribute to the poor
prognosis of aged patients with TBI. This possibility warrants further
investigation.

The central control of autonomic nervous system functions, such
as respiration and digestion, has been extensively studied, but the
specific neuronal populations involved in the top-down brain-body
circuits that regulate systemic immune responses are less well un-
derstood (32). Available data suggest that after PRV infection of bone
marrow, the virus spreads to areas such as the bed nucleus of the
stria terminalis, the arcuate nucleus of the hypothalamus, and the
amygdala, demonstrating extensive innervation of the bone mar-
row by the CNS and that the CeA can modulate the immune re-
sponse in the spleen through the HPA axis (33, 34). Although we do
not have direct evidence of activation of CeA regions in other types
of brain injury, there are studies that report that TBI (12); stroke,
both ischemic stroke (35) and ICH (10); atherosclerosis (36); and
even fractures (12, 37), orchestrate bone marrow myelopoiesis, which
is similar to what we observed in TBI, implying similar mechanisms
underlying myelopoiesis after acute brain injury. In this study, evi-
dence from retrograde and anterograde tracking of viruses com-
bined with calcium imaging suggests the presence of a CeA-bone
marrow axis. CeA-bone marrow axis—-dominated adrenergic hy-
persensitivity mobilizes emergency hematopoiesis and results in
abnormal myelopoiesis as well as impaired population of nonclas-
sical monocytes. Although chemical-genetic approaches to inter-
vene in the electrical activity of the CeA region before TBI used in
this study is not sufficient enough to recapitulates the responses
after TBI, it provides evidence that the activity of neurons in CeA
region is directly responsible to bone marrow responses to acute
brain injury as we observed in this study, which provide direct evi-
dence for the connections between brain and bone marrow. The
suppression of the electrophysiological activity of CeA after TBI
showed good therapeutic potential, and the correction of abnormal
myelopoiesis with the restoration of nonclassical monocyte output
greatly contributed to the recovery of neurological function in TBI
mice, especially in aged TBI mice.

MATERIALS AND METHODS

Human bone marrow and brain samples

Human studies were conducted in accordance with the Declaration
of Helsinki. The inclusion of human subjects and supporting docu-
mentation were approved by the Ethics Committees of the Affiliated
Hospital of Nantong University (approval no. 2023-K187-01). In-
formed consent was obtained from all subjects or a legally acceptable
surrogate at the time of enrollment. Contusion brain tissue and skull
bones were collected from patients with TBI who underwent hema-
toma removal and decompressed craniectomy.

Skull samples were taken from the operating room to the labora-
tory on ice. The sample was cut into thinner, smaller pieces using
a chainsaw. Using a syringe, bone marrow cells were rinsed with
phosphate-buffered saline (PBS) into a 50-ml tube. The bones were
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Fig. 7. Pharmacologic inhibition of f2-adrenergic receptor-rebalanced bone marrow myelopoiesis after TBI. (A) Bar plots show changes in the number of LSKs,
CMPs, GMPs, MDPs, and CLPs in the bone marrow after TBI. (B) Bar plots show changes in the number of neutrophils, Ly6C'°W monocytes, and Ly6Chigh monocytes in the
bone marrow after TBI. (C) Bar plots show changes in the numbers of neutrophils, Ly6C'°W monocytes, and Ly6Chigh monocytes in the brains after TBI. (D) Changes in the
mNSS scores. (E) Survival curves of mice in indicated groups from model induction to 30 days after injury. (F) MR images of the brain lesion and quantitative analysis.
(G) Schematic of the stimulation and recording configuration demonstrating LTP induction at Schaffer collateral-CA1 synapses. (H and I) Representative traces, normal-
ized field excitatory postsynaptic potential (fEPSP) slopes, and average fEPSP slopes (at 40 to 50 s) were recorded from hippocampal slices of young and aged mice in-
jected with the p2 adrenergic antagonist ICl 118551 (intraperitoneally.). (J) Representative trajectories for each group in the learning phase of Morris water maze (MWM).
(K) Line plot shows changes of the latency to escape during MWM training phase. (L) Representative trajectories for each group in the detection test. (M) Bar plot shows
the number of platform crossings in the MWM test. n = 6 per group for (F). n = 8 per group for (A) to (D). n = 12 to group for (K) and (M). n = 15 per group for (E). n =30
per group for (I). Data are represented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analyses were performed using one-way ANOVA
followed by Tukey’s post hoc test (A to C, F, |, and M), Kaplan-Meier survival analysis (E) and two-way ANOVA followed by Tukey’s post hoc test (D and K).
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further pulverized using a mortar and pestle on ice to release more
bone marrow cells into the cell suspension. All the samples were fil-
tered through a 70-pm strainer. Human bone marrow cells were iso-
lated by centrifugation in Ficoll (Sigma-Aldrich) to remove red blood
cells and bone debris.

The brain tissue was minced and incubated with collagenase IV
and deoxyribonuclease at 37°C for 30 min. After removal of myelin
debris by centrifugation in 30% Percoll, single cells were suspended
in 1% bovine serum albumin.

A total of 26 young (18 to 45 years old) and 29 aged (>65 years
old) subjects were included in the study. Patient characteristics are
listed in table S1.

Human blood samples

Handling of human blood followed the Declaration of Helsinki. The
inclusion of human subjects and supporting documentation were
approved by the Ethics Committees of the Affiliated Hospital of Nan-
tong University. Blood samples were collected from 38 young (18 to
45 years old) and 37 aged (>65 years old) patients at 1, 3, and 7 days
after TBI (surgically or conservatively treated). Patient characteris-
tics are listed in table S2. Exclusion criteria for both patients with
TBI and healthy control subjects included infections, immunologi-
cal disorders, immunosuppressive medication, pregnancy or nurs-
ing, and previous neurological disorders that could confound the
evaluation of TBI-related neurological sequelae. Human peripheral
blood mononuclear cells were isolated from whole blood by cen-
trifugation using human peripheral blood lymphocyte isolation me-
dium (Beyotime, C0025).

Mice

Adrb2™"™ mice (catalog no. NM-KO-190738) and CAG-GFP-Tg mice
(catalog no. NM-TG-00005) were purchased from the Shanghai Mod-
el Organisms Center. Young (6 to 12 weeks) and aged (18 to 24 months)
male WT C57BL/6 mice were bred and aged in house purchased from
Chengdu Dossy Experimental Animals Co. Ltd. Experimental mice
were kept in an air-conditioned room (Temp: 22° to 25°C) with a stan-
dard 12-hour light/dark cycle and free access to food and water. The
United States’ National Institutes of Health Guide for the Care and
Use of Laboratory Animals was followed for all animal experiments,
and the experimental procedures were approved by the Experimental
Animal Ethics Committee of Nantong University (approval no. IA-
CUC20231125-1001).

TBI model

A CCI model was used to induce TBI in mice as described (38). Brief-
ly, after successful induction of anesthesia in mice using a 2.5% mix-
ture of isoflurane and oxygen, the mixture was changed to 1.5% to
maintain anesthesia. The mouse’s head was then fixed in the stereo-
tactic frame with a hot pack placed under the body to keep the body
temperature at 37°C. A median incision was made on the scalp, and
a 2-mm-diameter bone window was created 2.0 mm lateral to the
median sagittal line and 1.0 mm posterior to the bregma. The brain
was tilted at an angle of 15° and placed perpendicular to the impac-
tor (4-mm-diameter tip; RWD Life Science, China). The impactor
parameters for CCI were impact speed, 3.5 m/s; deformation depth,
1.30 mm; and duration, 400 ms. After CCI, the skin incision was su-
tured and treated with antibiotic ointment to prevent infection. The
mice were placed on a heating pad to keep the core body tempera-
ture up until they had recovered from anesthesia. For the sham group,
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a craniotomy was also performed, and the dura was exposed, but no
impact was made.

HSC lineage tracing

Fgd5-CreER-tdTomato reporter mice were used to track HSC differ-
entiation. Fgd5-creER-tdTomato mice were given intraperitoneal in-
jection of tamoxifen for three consecutive days, and the TBI model
was induced 2 days later. After 3 days, the mice were euthanized and
their bone marrow was harvested for flow cytometry.

gqRT-PCR

After tissue disruption and homogenization in 1 ml of QIAzol, along
with 200 pl of chloroform and vortexing for 15 s, RNA extraction
from the bone marrow was conducted using QIAzol (Qiagen,
Germany). To achieve phase separation, the samples were allowed
to sit at room temperature for 10 min before being centrifuged for
10 min at 12,000g at 4°C. The upper layer, which contained the
RNA, was meticulously transferred to a separate tube and pre-
cipitated with an equal volume of isopropanol. After centrifuga-
tion for 10 min at 8000g at 4°C, the ethanol was removed from
the samples, which were air-dried. The RNA pellet was reconstituted
in 20 pl of ribonuclease (RNase)-free dH,O. The concentration
of RNA was determined using a NanoDrop spectrophotometer.
For reverse transcription, 0.75 mg of RNA (diluted in a total volume
of 40 pl of dH,0) was incubated at 70°C for 10 min with 5 pl
of random hexamers (Biomers, Germany). The samples were then
cooled on ice, and a master mixture containing 0.5 pl of reverse
transcriptase (Promega, Germany), 0.5 pl of RNase inhibitor (RiboLock,
Thermo Fisher Scientific, Germany), 2 pl of deoxynucleotide tri-
phosphates (Genaxxon, Germany), and 12 pl of reverse transcrip-
tase buffer (Promega, Germany) was added. The samples were
incubated at ambient temperature for 10 min and then transferred
to a water bath set at 42°C for 45min. The samples were incubated
for 3 min, after which they were placed on ice for preservation and
future use.

The primers used in this study were developed through the
use of the NCBI Primer-BLAST program, which is affiliated with
the United States National Center for Biotechnology Informa-
tion. The corresponding sequences were acquired by using the
NCBI nucleotide search tool GenBank. The Primer-BLAST tool
was used to fine-tune the parameters to optimize the PCR yield
for the in-house light cycler, specifically the Roche Light Cycler
480 II. To summarize, the range of the PCR product size was es-
tablished as 70 to 140, the primer melting temperature (Tm) was
determined to be 60° + 3°C, no specific preference was given to
the exon junction span, and the appropriate organism (Mus mus-
culus) was chosen. The primer pair exhibiting the highest Tm,
self-complementarity, and self-3’ complementarity was selected,
and the primer pairs were verified for specificity toward the tar-
get gene using Primer-BLAST tool. Before we used them in ex-
periments, we validated the primers by conducting a test sample
alongside the appropriate controls (samples lacking RNA and
samples lacking reverse transcriptase) to confirm the Ct value,
thereby ensuring primer selectivity and functionality. Full prim-
er sequences for each gene examined can be found in table S3.

For each sample, RNA (2 pg) was subjected to reverse transcrip-
tion using the TMRT kit (Takara Bio Inc., Japan). qRT-PCR was con-
ducted on an ABI QuantStudio5 Q5 real-time PCR system (Thermo
Fisher Scientific, USA) using SYBR Green (Roche, Germany). The
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27AAC ethod was used to determine and standardize relative mRNA

expression with respect to glyceraldehyde-3-phosphate dehydroge-
nase expression.

Flow cytometry

Mice were euthanized by isoflurane lethal anesthesia, after which the
brain and femur were removed. The cerebral hemisphere on the in-
jured side was isolated, minced, and incubated with collagenase IV
and deoxyribonuclease for 30 min at 37°C. After removal of myelin
fragments by centrifugation in 30% Percoll, single cells were suspended
in 1% bovine serum albumin for antibody staining. For mouse bone
marrow, the marrow was flushed from the femur through PBS using a
syringe. After the bone marrow fluid was filtered through a 70-pm
strainer, erythrocytes were removed using red blood cell lysis buffer
(Beyotime, C3702). Antibody staining was performed after resus-
pending single cells in 1% bovine serum albumin. Human samples
were stained after obtaining single-cell suspensions as described. For
intracellular staining, the cells were fixed in fixation buffer for 20 min
after surface marker staining. After washing twice in permeabilization
buffer, the cells were incubated with antibodies in staining buffer for
45 min (see table S4 for antibodies). The data were collected by an
FACSAriaIll flow cytometer and were analyzed using FlowJo software.

Enzyme-linked immunosorbent assay
The serum levels of NE, TNF-q, IL-1f, IL-4, and IL-10 in patients
and mice were measured using commercial enzyme-linked immuno-
sorbent assay (ELISA) kits according to the manufacturer's instruc-
tions. The ELISA kits used are listed below:

NE (Elabscience, E-EL-0047¢c), mouse TNF-a ELISA kit (Multi
Sciences, 70-EK182-96), mouse IL-1p ELISA kit (Multi Sciences,
70-EK101B-96), mouse IL-4 ELISA kit (Multi Sciences, 70-EK104/2-96),
mouse IL-10 ELISA kit (Multi Sciences, 70-EK110/2-96), human TNF-a
ELISA kit (Multi Sciences, 70-EK282-96), human IL-1 ELISA kit
(Multi Sciences, 70-EK201B/3-96), human IL-4 ELISA kit (Multi Sci-
ences, 70-EK204/2-96), and human IL-10 ELISA kit (Multi Sciences,
70-EK210/4-96) were used.

Immunofluorescence staining

Freshly dissected mouse femurs or human skulls obtained during de-
bridement surgery were fixed in 4% paraformaldehyde (PFA) for
12 hours at 4°C and washed several times in PBS. The bones were
decalcified in PBS containing 10% EDTA and 30% sucrose with con-
tinuous agitation for 2 to 4 weeks. For brain immunohistochemistry,
samples were fixed directly in 4% PFA. The samples were dehydrated
in 30% sucrose, embedded in OCT compound (Tissue-Tek), and
stored at —20°C until further processing. Sections of bone were cut
into 20-pm sections and brain tissue into 10-pm sections using a slic-
er (Leica). Bone sections were permeabilized with Hanks’ balanced
salt solution (HBSS) containing 0.05% NP-40 and 2.5% dimethyl sulf-
oxide (DMSO) for 10 min. Brain sections were treated with quick an-
tigen retrieval solution for frozen sections (Beyotime, P0090) for
30 min. After washing with PBS, the sections were blocked in PBS
containing 5% normal donkey serum (Jackson Nutrition) for 2 hours.
The sections were then stained and incubated overnight at 4°C. After
incubation with secondary antibodies, the nuclei were stained with
4,6-diamidino-2-phenylindole (C0060, Solarbio). The sections were
sealed with antifading mounting medium (S2100, Solarbio). Images
were acquired using the Navigator function of the Leica Thunder 3D
Assay inverted fluorescence microscope and then stitched together
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using LAS X software to create a composite image of the tissue.
Images were processed and analyzed using Fiji (Image]) and Photo-
shop (Adobe Systems). The list of antibodies used can be found
in table S4.

Retrograde tracing of PRV from bone marrow

PRV-CAG-RFP was prepared as a stock of 10° genomic copies/ml.
Mice were anesthetized by intraperitoneal injection of 1% pento-
barbital sodium. After shaving and disinfecting the skin on the
surface of the femur, the skin on the outer surface of the femur was
carefully cut with clean surgical scissors, and the muscle layer on
the surface of the femur was bluntly separated with clean ophthal-
mic forceps to expose the femur. A 1-ml syringe was used to care-
fully drill holes in the target area of the femur until a hole about
100 pm in diameter was removed. Each mouse was injected with
3 pl of virus solution using a microsyringe. The polished hole was
filled with erythromycin ointment, and the muscle layer and skin
were carefully stitched. The state of the animals was observed ev-
ery day, and the heart was perfused with PBS and 4% PFA after the
experimental animals showed obvious neurological symptoms.
The brain and spinal cord were removed and fixed after soaking in
4% PFA for more than 24 hours, and then the solution was re-
placed with 30% sucrose solution for more than 48 hours. The
samples were then frozen and sliced. The frozen sections were
washed with PBS (three times, 5 min each) and stained with
4’,6-diamidino-2-phenylindole. An OlympusVS200 microscope
was used to collect and export the images. Different brain regions
were identified using the Allen Mouse Brain Atlas (https://mouse.
brain-map.org/), and the mouse brain regions were identified in
stereotactic coordinates.

HSV tracking downstream from the CeA

HSV-TH-GFP was prepared as a stock solution of 10° genomic copies/
ml. Adult B6 mice were anesthetized with sodium pentobarbital
(75 mg/kg). A total of 0.2 pl of viral stock solution was injected through
brain stereotaxic localization in the CeA of mice [fontanel coordi-
nates: —1.23 mm anterior-posterior (AP), +2.75 mm medial-lateral
(ML), and —3.9 mm dorsal-ventral (DV)] using a Hamilton 0.5-pl
syringe. The surgical wounds were closed with standard sutures, and
the indicated number of mice was euthanized after 72 hours to
remove the femur, spinal cord, and brain. Sections were prepared
and processed to identify HSV-GFP* neurons in different regions.
The sections were processed and photographed as described in the
Immunofluorescence section.

Stereotactic surgeries and virus injection

Brain surgery was performed under aseptic conditions by placing
20 to 25 g mice in stereotaxic frames (1404, David Kopf Instruments,
Tujunga, CA). Mice were induced with 4% isoflurane (RWD Life
Science Co. Ltd., R510-22-10) and maintained on 1.5% isoflurane
during surgery. Then, 1 to 2 cm of the scalp was cut to expose the
skull. A small hole was drilled in the skull, and the dura was gently
opened to allow the micropipette to pass through without inter-
ruption. For fiber photometry, the adeno-associated virus rAAV-
hSyn-NES-RGECO1a-WPRE-hGHpA (0.1 i, titer: 2.76 X 10" v.g. ml ™",
BrainVTA Company, Wuhan) was injected into the right-hemisphere
CeA (AP, —1.23 mm; ML, 2.75 mm; DV, —3.9 mm), PVN (AP,
—1.06 mm; ML, 0.00 mm; DV: —2.40 mm), and ZI (AP, —2.54 mm;
ML, 1.65 mm; DV: —3.65 mm).
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Fiber photometry

Three weeks after virus injection, an optical fiber (200 pm, 0.37 NA;
Inper) was implanted 100 pm above the CeA, PVN, and ZI. Neurons
expressing jJRGECO1a were stimulated in free-moving mice using
a fiber photometry system (ThinkerTech Nanjing Bioscience Inc.,
QAXK-FPS-MC-LED) to obtain calcium-dependent fluorescence
signals. The laser intensities for the 580-nm-wavelength bands
(~60 pW) and the 405-nm signal (20 pW) were used to correct
movement artifacts. The raw signals were demodulated and ana-
lyzed using custom-written software in MATLAB. The recordings
lasted for 1 min and were taken at 6-hour intervals before TBI and
for 7 days after TBI. To calculate the JRGECO1a signal, we calcu-
lated the relative changes in the fluorescence of AF/F as the Ca**
signal using the formula AF/F = (F—F0)/"0, where FO represents
the fluorescence of the same mouse before TBI.

Chemogenetics

For chemical stimulation of TH neurons in the CeA, AAV2/9-TH-
hM3Dq or AAV2/9-TH-hM4Di viruses or control viral vectors were
injected by brain stereotaxic localization in the CeA of young and
aged mice (fontanel coordinates: —1.23 mm AP, +2.75 mm ML, and
—3.9 mm DV). AAV2/9-TH-hM3Dq or AAV2/9-TH-hM4Di was
supplied by Shanghai Giga Gene Technology Co. After the animals
were allowed to recover from surgery for 21 days, they were continu-
ously fed DCZ for 7 days, after which TBI modeling was performed.

Patch clamp recordings in vitro

Whole-cell patch-clamp recordings were performed as described
(39-42). Mice weighing 20 to 25 g were decapitated under 4% isoflu-
rane anesthesia for induction, and slices containing the CeA and hip-
pocampus from adult male and female mice were identified using the
mouse brain atlas and then incubated in oxygenated artificial cere-
brospinal fluid [(ACSE composition in mM: 125 NaCl, 25 NaHCO3,
2.5 KCl, 1.25 NaH,POy, 2 CaCl,, 1.5 MgCl,, and 10 p-glucose
(pH 7.4) 300 to 310 mosmol] at 35° + 0.5°C for at least 1 hour. The
slices were kept at room temperature for approximately 30 min be-
fore recording. Then, they were moved to a submerged chamber dur-
ing recording sessions and continuously perfused with oxygenated
ACSEF at a rate of 2 ml/min maintained at 32 + 0.5°C.

Recordings were conducted using patch electrodes made of bo-
rosilicate glass that were pulled using a Flaming-Brown puller (Sut-
ter Instruments, CA) and polished with a polishing tool (Narishige,
Tokyo, Japan) immediately before use. The pipette resistance typically
ranged from 4 to 6 megohm. The internal solution comprised the
following (in mM): 135 KMeSOy, 10 Na2-phosphocreatine, 5 KCI,
0.5 CaCly, 5 Hepes, 5 EGTA, 2 Mg, ATP, and 0.5 Na3;GTP, adjusted to
pH 7.25 with KOH. CeA neurons were observed using an Olympus
BX51WI microscope (Tokyo, Japan) equipped with an infrared
differential interference contrast and fluorescence module. All im-
ages were captured using a Hamamatsu ORCA FLASH4.0 camera
(Hamamatsu Photonics, Japan) and displayed on a laboratory com-
puter. Patch clamp recordings were obtained using an Axopatch-
700B amplifier (Axon Instruments, Sunnyvale, CA) and fed into a
computer via a Digidata-1440 interface (Axon Instruments) for data
acquisition and analysis (pClamp 10.0, Axon Instruments). Record-
ings of whole-cell currents were filtered at a low-pass of 2 kHz and
were digitized at 10 kHz, while recordings of membrane potentials
were filtered at a low-pass of 5 kHz and were digitized at 20 kHz.
Neurons were kept at a membrane potential of =70 mV and were
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assessed by injecting a rectangular voltage pulse (5 mV, 50 ms) to
measure the whole-cell membrane capacitance, series resistance,
and membrane resistance. Any neurons with unstable series resis-
tance or a resistance exceeding 30 megohm were excluded from the
study. Neurons with seal resistance changes of more than 30% of the
initial level were also abandoned and excluded from further analysis.

The neuronal resting membrane potential was recorded under a
current clamp (I = 0 pA). Input resistance was measured through
potential changes resulting from injected currents ranging from —30
to 150 pA. The action potential was assessed by injecting a series of
current pulses with an intensity of —30 to 150 pA, incrementing by
30 pA, and lasting for 1 s. For chemogenetic experiments, DCZ
(MedChem Express, NJ, 0.05 pM) was dissolved in DMSO and add-
ed to ACSF at a final concentration of 0.3% DMSO (43, 44).

Evaluation of neurological deficit

Neurological function was independently assessed by two investiga-
tors who were blinded to the treatment assignment. The neurological
deficits of the mice were evaluated by the modified neurological se-
verity score (mNSS), which comprehensively evaluates motor, sen-
sory, reflex, and balance functions via a battery of tests. The mNSS
ranges from 0 to 18; 13 to 18 indicates severe injury, 7 to 12 indicates
moderate injury, and 1 to 6 indicates mild injury.

Rotarod test

Mice were trained on an accelerated (5 to 30 rpm) rotarod for 3 days.
During the test phase, the mice were placed on an accelerating ro-
tary rod with the speed increasing from 5 rpm to 30 rpm over 5 min.
The latency of the mice to fall from the rod was recorded, and each
mouse was trained for five trials (each trial ran for 5 min, followed
by rest for 5 min). The final score was the average latency of the five
falls of the experimental mice. Rotarod testing was performed 1 day
before TBI and 1, 7, and 14 days after TBI. All experiments and data
analyses were performed in a blinded manner.

Magnetic resonance imaging

Brain lesion size and perihematomal edema in TBI mice were evalu-
ated with a 3-T small-animal magnetic resonance imaging scanner
(GE Healthcare, Little Chalfont, Buckinghamshire, UK). T2-weighted
images of the brain were acquired with fat-suppressed rapid acquisi-
tion with a relaxation enhancement sequence (repetition time,
4000 ms; echo time, 60 ms; slice thickness, 0.5 mm) to visualize
lesion volume. The hematoma volume was visualized on susceptibility-
weighted images (SWIs; repetition time, 21.0 ms; echo time, 8.0 ms;
0.3-mm thickness). T2 and SWI images were manually traced and
calculated by summing the volume by the distance between sections
via ImageJ (National Institutes of Health). Perihematomal edema
volume was calculated as the difference between lesion and hemato-
ma volumes (10). The magnetic resonance imaging data were ana-
lyzed by two researchers who were blinded to the experimental
conditions.

Bone marrow chimeric mice

After the heads of the mature C57BL/6 mice were protected with a
shield, the recipient mice were irradiated with two 4.5-gray [(Gy)
9 Gy total] doses of whole-body radiation using an XRAD 320 x-ray
irradiator (Precision X-ray) at 4-hour intervals. The mice were then
placed in cages and returned to the housing room. Polymyxin B and
neomycin were added to the drinking water to prevent infection. Two
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days later, the GFP donor mice were euthanized, and the femurs were
isolated. Bone marrow hematopoietic cells were isolated by flushing
femurs with 2% heat-inactivated bovine serum in Ca**- and Mg**-
free HBSS (HBSS-free). The cells were dissociated into single-cell
suspensions by filtration through a 70-um nylon strainer. After the
recipient mice were immobilized, approximately 5 million bone mar-
row cells per mouse were injected through the tail vein. TBI model-
ing was performed on recipient mice 2 weeks after transplantation.

mRNA sequencing of mouse bone marrow

Quality control of the sequence data was examined using FastQC, and
the raw data were filtered with fastp to obtain high-base quality and
adaptor-removed reads. Then, these clean reads were mapped to the
M. musculus reference genome (UCSC mm10) using STAR Aligner,
and reads that matched exactly more than once with equal quality
were discarded. After alignment, the raw read counts for each gene
were quantified by featureCount. PCA was performed to assess vari-
ance between sample groups and sample replicates. For differential gene
expression analysis, DESeq2 was used to detect up-/down-regulated
genes based on a negative binomial generalized linear model, and genes
with a P value < 0.05 and an absolute fold change > 2 were considered
significantly differentially expressed. Next, GO and KEGG enrichment
analyses were run on the differentially expressed genes via Metascape,
and GO terms and KEGG pathways with P < 0.05 and gene count > 3
were considered significantly enriched. GSEA was performed using
ClusterProfiler in R. A heatmap was generated with pheatmap to show
the differentially expressed genes between groups, and a volcano plot
with the genes labeled was generated with ggplot2.

Drug administration

ICI 118,551 (HY-13951, MedChemExpress) was diluted in saline
and administered intraperitoneally at 10 mg/kg for 4 days. Tamoxi-
fen (HY-13757A, MedChemExpress) was dissolved in ethanol/corn
oil (1:9) at a concentration of 30 mg/ml, and Fgd5-creER-tdTomato
mice received 100 pl (3 mg per mouse) daily for five consecutive days
by intraperitoneal injection.

Stimulation and recording protocols for field recordings
Recordings began 1.5 to 2 hours after preparing coronal hippocampal
slices with a thickness of 400 pm. Field excitatory postsynaptic poten-
tials (fEPSPs) were recorded using a glass capillary microelectrode filled
with 2 M NaCl, resulting in resistances ranging from 1 to 3 megohm
in the stratum radiatum layer of the CA1 region. A concentric bipolar
stimulating electrode (CBARC?75, FHC, Bowdoin, ME) was used
to administer 100- to 300-ps test pulses to the Schaffer collateral
afferents. Low-frequency test stimulation was applied at a rate of
0.05 Hz once every 20 s. The stimulus intensity was set to elicit an
fEPSP amplitude that was 40 to 50% of the maximum. Test responses
were recorded for a minimum of 10 min before the experiment com-
menced to ensure response stability. A theta-burst stimulation (TBS;
five sets of bursts, each with four pulses at intervals of 100 Hz and
200 ms) protocol was implemented to induce LTP. LTP strength was
gauged by the slope of the fEPSP 60 min after the TBS stimulation.

Morris water maze test

Mice were subjected to the Morris water maze test 28 to 32 days
after TBI. The water maze consisted of an open circular pool (diam-
eter, 120 cm; depth 50 cm) filled with water, and the water tempera-
ture was 22° to 25°C. A small amount of nontoxic white additive was
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added to make the water opaque. The two vertical axes of the maze
divided the pool into four quadrants. Various prominent visual cues
were placed around the pool. A circular target platform (10 cm by
10 cm) was placed in the southeast quadrant and submerged 1 cm
underwater. On four consecutive days of training, the mice were
trained four times a day with a 30-min training interval. The starting
direction for each trial was a different quadrant of the pool but was
consistent for each mouse tested. When the mouse found the plat-
form within 90 s, it was allowed to stay on the platform for 15 s. If
the mouse did not find the platform within 90 s, it was guided to the
platform and allowed to stay there for 30 s. During the exploration
trial on day 5, the platform was removed, and each animal had 90 s
to swim freely in the pool. EthoVisionXT software was used to track,
record, and analyze the swims. The seconds of latency to escape and
the number of times it crossed the platform location were recorded.

Statistical analysis

Plots and statistics were generated using GraphPad Prism 9.4.1
(GraphPad software). The data are shown as means + SEM or means
+ SD. Statistical parameters, including the number of mice, num-
ber of replicates, and statistical tests used, as well as P values, are
indicated in each figure legend.
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