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SUMMARY
The complexity of signaling events and cellular responses unfolding in neuronal, glial, and immune cells upon
traumatic brain injury (TBI) constitutes an obstacle in elucidating pathophysiological links and targets for
intervention. We use array phosphoproteomics in a murine mild blunt TBI to reconstruct the temporal dy-
namics of tyrosine-kinase signaling in TBI and then scrutinize the large-scale effects of perturbation of
Met/HGFR, VEGFR1, and Btk signaling by small molecules. We show Met/HGFR as a selective modifier of
earlymicroglial response and thatMet/HGFRblockade prevents the induction ofmicroglial inflammatoryme-
diators, of reactive microglia morphology, and TBI-associated responses in neurons and vasculature. Both
acute and prolongedMet/HGFR inhibition ameliorate neuronal survival andmotor recovery. Early elevation of
HGF itself in the cerebrospinal fluid of TBI patients suggests that this mechanism has translational value in
human subjects. Our findings identify Met/HGFR as amodulator of early neuroinflammation in TBI with prom-
ising translational potential.
INTRODUCTION

Traumatic brain injury (TBI) is characterized by complex and

dynamic responses unfolding in neurons, glia, endothelial cells,

and infiltrating leukocytes1 from hours (acute phase) to weeks

(chronic phase). Among the very first events following TBI,

microglia increase motility, retract processes, and migrate

toward the site of damage.2–6 Detrimental consequences of

acute microglial responses include local acidosis,7 oxidative

stress,8 and synaptic silencing,9 all contributing to the ‘‘second-

ary damage’’10 occurring hours to days after the mechanical

lesion. Beneficial effects of microglia have also been studied3

including the sealing of the disrupted glia limitans,5 clearing of

debris,11 and the stimulation of neurogenesis.12 Damage-asso-

ciated molecular patterns driving reactive microglia upon brain
C
This is an open access article under the CC BY-N
damage include ATP,5,13 interferons, complement factors,14,15

and inflammatory cytokines.13 This remains true also in the

case of comparatively mild TBI, which can nevertheless lead to

long-term consequences.10,16 Therefore, it remains important

to comprehensively characterize themediators drivingmicroglial

reactivity in mild TBI to identify new entry points and fine tunemi-

croglial responses toward beneficial outcomes.

A substantial number of receptor and non-receptor tyrosine ki-

nases (RTK and NRTK, respectively) are abundantly expressed

in microglia and endothelial cells.17,18 Functional relevance in

microglial reactivity has been established only for a few RTKs:

Axl decreases microglial reactivity in inflammatory conditions

and drives debris phagocytosis,4,19 whereas MCSFR1 (c-Fms,

CSFR1) reportedly determines microglial survival and prolifera-

tion.20,21 Nevertheless, microglia express a substantial number
ell Reports 41, 111867, December 27, 2022 ª 2022 The Authors. 1
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Figure 1. Dynamic RTK phosphorylation pattern post trauma
(A) Outline of the experimental design. Mice were subjected to trauma and samples were collected at 3 hpi, 1 dpi, 3 dpi, and 7 dpi (hpi: hours post injury, dpi: days

post injury).

(B) Post-preprocessing PCA plot depicts distinct clustering of each group with 95% confidence ellipses around the groups. All groups showed minimal overlap

except 7 dpi, displaying substantial variability. Small symbols represent individual animals. Large symbols indicate the weighted average for each subgroup.

(C) Heatmap displays unsupervised clustering of differentially phosphorylated RTKs at different timepoints. The arrows highlight prominent receptors.

(legend continued on next page)
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of RTKs (including neurotrophins and growth factors recep-

tors)17,18,22 potentially involved in early reactivity upon tissue

damage.

Importantly,RTK/NRTKarepotential entrypoints for therapeutic

modulation of TBI-induced neuroinflammation, with more than 30

RTK/NRTK inhibitors already in clinical use23 lending themselves

to drug repurposing efforts. Here, we have employed large-scale

phosphoproteomic arrays to understand the temporal activation

of RTKs and NRTKs in trauma and identify new regulators of

TBI-induced neuroinflammation. We have identified the RTK

cMet/HGFR (here on asMet) as a new player involved in acutemi-

croglial activation inTBI.Wedemonstrate that a small-molecule in-

hibitor (Inh) of Met is able to prevent inflammatory signaling, limit

microglial recruitment, reduce neuronal and vascular distress,

and acutely improve neurological function upon TBI.

RESULTS

Large-scale dynamics of RTK phosphorylation in the
cerebral cortex upon TBI
We explored the injury-related architecture of RTK signaling in a

murine model of mild TBI. In our weight-drop mild (NSS 0–1)14

blunt head trauma model, neuronal counts were normal 3 h

post injury (hpi), but significantly declined in the injury core at

3 days post injury (dpi) (21.1% ± 15.4% of NeuN+ cells lost in

the core [c] lesion, layer II-III; Figure S1A, p = 0.0103 vs. sham;

Figures S1B and S1C), and this decline increases further at 7

dpi (95.5% ± 3.3% in the core [c]; p < 0.0001 vs. sham).

First, we monitored, using nitrocellulose antibody arrays, the

phosphorylation of 39 RTKs in cortical samples obtained at

3 hpi (n = 7), 1 dpi (n = 6), 3 dpi (n = 6), or 7 dpi (n = 6) compared

with sham controls (n = 6) (Figure 1A). Principal component anal-

ysis (PCA) revealed a clear separation of the sham, 3 hpi, 1 dpi,

and 3 dpi samples, whereas 7 dpi samples displayed substantial

variability (Figure 1B). A distinct pattern of RTK phosphorylation

for each time point considered was detected using modified

analysis algorithms (Figures 1C and 1D, see also Data S1, See

STAR Methods section array analyses for details).

The RTK phosphorylation profiles at 3 hpi and 1 dpi displayed

the largest divergence from the sham but were otherwise similar

to each other. VEGFR1, VEGFR3, EphB4, Met, MSPR, EGFR,

ErbB3, and MuSK were up-phosphorylated, whereas TrkB,

TrkC, Axl, Dtk, SCFR/c-kit, PDGFRb, cRET, EphA1, EphA6,

EphB1, and EphB6were down-phosphorylated (phosphorylated

here on as ‘‘p’’). At 3 dpi, the RTK profile was characterized by

increase in phosphorylation of ErbB4, PDGFRa, and VEGFR2

and down-phosphorylation of FGFR4, Axl, and cRet. Despite

the substantial variability observed at 7 dpi, possibly indicating

an inter-individual divergence in the sub-acute phase, we de-

tected a statistically significant increase in phosphorylation

levels of insulin receptor1, Tie2, and IGFR1 and down-phosphor-

ylation in ErbB2 (Figure 1D).

Notably, at least five of the RTKs modulated at 3 hpi regulate

microglial reactivity. Axl, Dtk, and c-kit/SCFR were down-phos-
(D) Venn diagram summarizes overlap of significant RTKs at different timepoints c

for 3 hpi (hpi: hours post injury, dpi: days post injury). Significance for different

adjusted). Detailed comparisons are shown in Data S1. Also see Figure S1.
phorylated (corresponding to microglial reactivity4,24; Fig-

ure S1D), whereas Met/HGFR and MSPR (involved in chemo-

taxis25,26) were strongly up-phosphorylated (Figure S1E).

Other RTK families followed unique dynamics upon TBI.

VEGFR1 and VEGFR3 were up-phosphorylated at 3 hpi and 3

dpi, whereas VEGFR2 was only up-phosphorylated at 3 dpi (Fig-

ure S1F). A significant and time-dependent increase in phos-

phorylation was observed also for receptors in the EGFR/ErbB

family, insulin/IGFIR family, and most notably in the ephrin family

members (Figures 1D and S1G).

Notably, the RTK phosphorylation pattern was influenced

by the severity of the injury. From an independent set of

animals, brain samples from a milder trauma (total energy =

0.47 J), when compared with those from standard trauma

(total energy = 0.53 J) or sham controls, displayed a phosphor-

ylation pattern intermediate between sham and standard-

trauma samples (Figure S1H). Interestingly, the milder trauma

samples displayed an increased, rather than decreased,

phosphorylation of Dtk and Axl, whereas phosphorylation

levels of Met and VEGFR3 were still significantly upregulated

(Figure S1H).

In-depth characterization of tyrosine-kinase signaling
network upon acute TBI
In order to confirm and extend the data from the chemilumines-

cence arrays, and to identify signaling cascades downstream of

activated RTK, we profiled the tyrosine phosphorylation of 228

distinct targets in somatosensory cortex of sham-operated

(Sham, n = 3) or TBI (Sal TBI, n = 3) mice at 3 hpi (NSS 0–1) using

a fluorescence antibody array (Figure 2A). PCA demonstrated a

remarkable separation of sham and TBI ellipses (95% confi-

dence interval; Figure 2B). After a cutoff value of 2*log102 was

applied, 39 proteins showed significant differences in tyrosine

phosphorylation upon trauma (Figure 2C, see also Data S2)

including VEGFR1, EGFR, and Met already shown by the

chemiluminescence screening (cf. Figures 1C and 1D and 2C).

Notably, several NRTK and other signaling molecules with

altered phosphorylation upon TBI (such as Btk, Hck, DAPP1,

Blnk, Vav1, and Plcg2) are involved in microglial function,27–30

whereas a smaller set of hits was attributed to neuronal signaling

(NMDAR1 NR2A/2B, Kv1.3, and alpha-synuclein; Figure 2C).

We confirmed the cellular specificity of the phosphorylation of

pMet (Tyr1234), pBTK (Tyr222), and pVEGFR1 (Tyr1333) by im-

munostaining. Immunoreactivity for pMet and pBTK was almost

undetectable in sham brains but was significantly increased

upon TBI. Notably, in TBI nearly all immunoreactivity was

restricted to Iba1+ cells (Figures 2D and 2E, pMet; p < 0.0001

vs. Sham and pBtk; p = 0.0001 vs. Sal sham). Neurons displayed

very weak immunostaining for pMet and pBtk with no increase in

phosphorylation after trauma (Figures S2A and S2B and 2F). On

the contrary, immunoreactivity for pVEGFR1 was upregulated in

vessels, microglia, and neurons upon TBI (Figures 2D–2F,

pVEGFR1; microglia: p = 0.0044 vs. Sal sham, neurons: p =

0.0128 vs. Sal sham, Figures S2C and S2D).
ompared with sham. In (B)–(D), n = 6 for sham, 1 dpi, 3 dpi, and 7 dpi, and n = 7

ially expressed (DE) proteins was set at p < 0.05 (false discovery rate [FDR]
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Figure 2. In-depth tyrosine kinase screening

3 hpi and identifying microglia as key player

(A) Outline of the experiment.

(B) Post-preprocessing PCA plot shows distinct

clustering of groups with no overlap between the

confidence ellipses with PC1 contributing to 48%.

(C) List of DE proteins (p % 0.05) up-phosphorylated

(red) or down-phosphorylated (blue) at 3 hpi

compared with baseline (TBI vs. sham) with logarith-

mic fold change and individual significance.

(D–F) pBtk, pMet, and pVEGFR1 colocalized with

microglia (Iba1+ cells) and upregulation in Sal TBI

compared with Sal sham (see also Figure S2 for

neuronal and vascular overlap of the phosphorylated

proteins). Phosphorylated receptors were expressed

in (E) Iba1+ cells (microglia) or (F) NeuN+ cells (neu-

rons) verifying the screening results. In (A)–(C), n =

3/group. Significance for DE proteins was set at

p < 0.05 (Benjamini-Hochberg adjusted). Detailed in-

dividual comparisons are shown in Data S2. In (D)–(F),

n = 4/group. Dots indicate individual values for each

cell. Significance of differences between means were

analyzed using two-way ANOVA with Sidak correc-

tion. (*p < 0.05, **p < 0.001, ***p < 0.001,

****p < 0.0001). Scale bars: 300 mm for (D). Boxplots

display the 25–75 percentile interval (box contours)

and the full range (whiskers).
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Small-molecule inhibitors of Met and VEGFR
substantially alter the signaling architecture of TBI
We thenexplored the functional relevanceofBtk,Met, andVEGFR

on TBI-inducedmicroglial activation, using small-molecule kinase

inhibitors (Figure 3A). Although small molecules targeting kinases

are less selective than gene-knockout manipulation, they lend

themselves to explore acute effects (i.e., do not suffer from life-

long target loss and unforeseen adaptation) and display transla-

tional potential. Based on the selectivity, pharmacokinetics, and

blood-brain barrier penetration properties, we selected the Btk in-

hibitor Spebrutinib (CC-292; IC50 = <0.5 nM31,32), theMet inhibitor

JNJ-38877605 (IC50 = 4nM31–33), and the broader selectivity

VEGFR inhibitor Valatanib (PTK-787; inhibits VEGFR1 and

VEGFR2/KDR with IC50 = 77 nM and 37 nM, respectively; also in-

hibits Flk, c-Kit, and PDGFRb with IC50 = 270 nM, 730 nM, and

580 nM, respectively34–37).

First,we validated the target engagement of the three inhibitors

(Inhs) by administering eachmolecule (or vehicle alone) (Inh BTK:

30mg/kg38, InhMet: 40mg/kg32,33, Inh VEGFR: 50mg/kg32,35,37)

2 h before trauma (approximately corresponding to the peak of

maximum receptor occupancy, based on reported pharmacoki-

netic data32,37,38) (Figure 3A) and verified a significant decrease in

pBtk (Tyr222), pMet (Tyr1234), and pVEGFR1 (Tyr1333) 3 hpi by

whole-tissue western blot (Figures 3B–3D, see also Figure S3;

Sal TBI vs. Sal sham: pBtk p = 0.0029, pMet p = 0.028, pVEGFR

p = 0.011, Sal TBI vs. Inh TBI: pBtk p = 0.0042, pMet p = 0.0065,

pVEGFR p = 0.015).

Second, we explored the large-scale signaling impact of single

dose (SD) of the inhibitors ofBtk (Inh(Btk) TBI, n =4),Met (Inh(Met)

TBI, n = 4) or VEGFR (Inh(VEGFR) TBI, n = 3) upon TBI (3 hpi), vs.

saline-treated TBI (Sal TBI, n = 4) or sham-operated (Sal sham ,

n = 4) mice. PCA plots of phosphotyrosine array datasets re-

vealed a distinct separation of groups (Figure 3E, see also Data

S3). Unsupervised clustering revealed that cluster distributions

for Inh(Met) TBI and Inh(VEGFR) TBI were comparable with

each other, but they were significantly different from Sal TBI

and Sal shamgroups. On the other hand, the cluster distributions

for SD Inh(Btk) TBI group was similar to the Sal TBI group. Differ-

ential phosphorylation analysis revealed 137 targets affected by

an SD of Met or VEGFR inhibitors, with only 19 targets shared

by the two treatments (Figure 3F). Most importantly, treatment

with an SD of Met inhibitor resulted in the down-phosphorylation

of microglial-specific signaling proteins Btk and Plcg2 as well as

of RTKs involved inmicroglial activation andmicrogliosis such as

c-Kit and IL-3R.39,40 Comparatively, Inh(VEGFR) TBI significantly
Figure 3. RTK Inhibitors treatment alters TBI signaling landscape

(A) Schematic outline of the experiment. Mice were administered with either salin

(B–D) At 3 hpi, levels of (B) pBtk (Tyr222), (C) pMet (Tyr1235), and (D) pVEGFR1 (T

treatment significantly reduced these levels to baseline. (See also Figure S3 for f

(E) Post-preprocessing PCA plot shows group-based clustering.

(F) List of DE proteins (p < 0.05) up-phosphorylated (red) or down-phosphorylate

change and individual significance.

(G and H) A significant reduction in pMet expression levels was recorded upon

4/group. Dots indicate individual animals. Significance of differences between m

ommended). In (E)–(H), n = 3 for Sal sham, Inhb(Btk) TBI, and Inhb(VEGFR) TBI, and

at p < 0.05 (BH adjusted, SD: single dose). Detailed individual comparisons are sh

of individual cells and green square the average per mouse. Statistical analysis

correction (*p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001). Scale bar: 50 mm
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increased thephosphorylation levels ofCDK5and IGF1R respon-

sible formicroglial activation41,42 anddownregulationof immune-

related IL7R/CD127, a protein associated with resting microglial

phenotype43 (Figure 3F and Data S3).

As a prerequisite of further exploration of Met regulation of mi-

croglial activation, we verified that the SD of Met inhibitor indeed

significantly decreased the pMet immunoreactivity in microglia

in cortical sections obtained 3 h after TBI (Figures 3G and

3H; Sal TBI vs. Sal sham: p = 0.0001, Sal TBI vs. Inh(Met)TBI:

p = 0.0045).
Blockade of Met prevents the reactive microglia
morphology and the induction of pro-inflammatory
mediators upon TBI
We set out to characterize the impact of Met blockade on the

neuroinflammatory response set in motion by TBI. First, we as-

sessed the source of hepatocytes growth factor (HGF), the se-

lective ligand for Met. Single-molecule in situ hybridization

showed that HGF mRNA levels were significantly increased in

both neurons and microglia after trauma. These levels, however,

remained unaffected by inhibitor treatment (Figure S4A).

Next, we performed the morphometric analysis of microglial

cells to evaluate morphological differences. Results revealed a

retraction of processes in Sal TBI compared with sham samples

(Figure 4A; coherent with reactive microglial44,45), whereas in the

SD Inh(Met) TBI group, the size of microglia arborization was pre-

served (Figure 4B; branch length/cell: Sal TBI vs. Sal sham: p =

0.045, Sal TBI vs. Inh(Met) TBI: p < 0.0001, branch length/cell

and endpoints/cell: Sal TBI vs. Inh(Met) TBI: p < 0.0001).

Furthermore, the TNFa mRNA (an early event in TBI46,47),

barely detectable at baseline, was significantly upregulated

upon TBI but negated by the pretreatment with the SD of Met in-

hibitor (Figures 4C and 4D; Sal TBI vs. Sal sham: p < 0.0001, Sal

TBI vs. Inh(Met) TBI: p < 0.0001). Likewise, the M1-enriched

pro-inflammatory paracrine mediator Wnt5a,48,49 although not

significantly upregulated by TBI, was dramatically suppressed

by the Met inhibitor (Figures 4C and 4D; Sal TBI vs. Inh(Met)

TBI: p < 0.0001). Moreover, TBI upregulated the mRNA for the

complement factor C3 in neurons and microglia, but not upon

pretreatment with the Met inhibitor (Figures 4E and 4F). In agree-

ment with the reduced induction of pro-inflammatory mediators,

the TBI-induced nuclear translocation of the pro-inflammatory

transcription factor NF-kB in microglia50 was suppressed by

the pretreatment with the Met inhibitor (Figures 4G and 4H).
e or inhibitor 2 h before trauma, and samples were collected at 3 hpi.

yr1333) were significantly upregulated in Sal TBI samples. Respective inhibitor

ull scan of blots).

d (blue) for comparison between Sal TBI and Inh(Met) TBI with logarithmic fold

inhibitor treatment. All graphs are represented as mean ± SD. In (B)–(D), n =

eans were analyzed using one-way ANOVA test with Tukey correction (rec-

n = 4 for Sal TBI and Inhb(Met) TBI groups. Significance for DE proteinswas set

own in Data S3. In (G)–(H), n = 4/group. In (H), small black dots indicate intensity

was performed on the average per mouse by two-way ANOVA with Tukey

. Histograms represent average with standard deviation.



Figure 4. Acute Met blockade prevents morphological changes of microglia and induction of inflammatory mediators

(A and B) Acute morphological changes in microglia showed decreased branch length within 3 h after trauma in the Sal TBI depicting activated microglia. Single

dose (SD) of Met inhibitor significantly increased a ramified or arborized microglia morphology.

(legend continued on next page)
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To further characterize the reactive profile of microglia, we

first demonstrated that >95% iba1+ cells were also positive for

microglia marker Tmem119 across treatment groups, indicating

that most Iba1+ cells are microglial cells in this condition

(Figures S4B and S4C). TBI caused a substantial increase in mi-

croglia expressing upregulation of the phagocytic/lysosome

marker CD68 (Iba1+/Cd68+ cells; Figures S4B and S4C) as

well as the disease-associated microglia marker CD11c

(Iba1+/Cd11c+ cells; Figures S4D and S4E), but both effects

were negated by the pretreatment with the Met inhibitor. On

the other hand, neither TBI nor Met blockade affected microglial

proliferation at the considered time point (3 h) and Ki-67+ micro-

glia cells were less than 3% in all four groups (Figures S4D

and S4E).

Blockade of Met limits vascular and neuronal stress
induced by TBI
We aimed at dissecting the impact of acute Met blockade on

broad TBI responses. Since our model has not been fully charac-

terized on these terms, we first determined the proteome

changes occurring in the cortex at 3 h, comparing Sal TBI with

sham controls only (without any inhibitor treatment). We de-

tected a total of 6,059 proteins, among which 36 were signifi-

cantly upregulated, and 25 were significantly downregulated in

Sal TBI compared with Sal sham samples (Figures 5A and 5B;

see also Data S4). Some of the proteins with the highest

fold change (>2 fold) are involved in epigenetic responses and

RNA metabolism (Hells, Syf2, Prpf38b), vascular inflammation

(Itgb3, Vwa9), and brain extracellular matrix (vitronectin, Vtn).

We considered three of these proteins to monitor the impact

of the SD of Met inhibitor, namely integrin beta-3 (Itgb3, an

adhesion molecule expressed on endothelial cells and involved

in leukocyte extravasation), lymphocyte-specific helicase

(Hells, involved in epigenetic regulation and RNA processing in

neurons51), and the vitronectin (a brain extracellular matrix

protein52,53).

Mice were treated with an SDMet inhibitor (or saline) and sub-

jected to TBI or sham surgery before sacrifice at 3 hpi (Figure 3A).

Itgb3 was expressed at a very low level in sham-operated mice,

but it was massively upregulated in endothelium upon TBI (Fig-

ure 5C; Sal TBI vs. Sal sham: 5-fold increase, p < 0.0001) and

not in SD Inh(Met) TBI (Figure 5C; p < 0.0001). Hells was ex-

pressed only in neurons. Hells levels were upregulated after

injury (p < 0.0001) but not when Met was blocked (Figure 5D;

p < 0.0001). Vtn immunoreactivity was diffused, with clusters

localized in proximity of neurons (Figure 5E). A substantial loss

of Vtn was seen upon TBI (p = 0.0001) but not uponMet inhibition

(Figure 5E; p = 0.015); Taken together, these data demonstrate
(C and D) At 3 hpi, in situ hybridization showed TNFa mRNA (red) level in microg

treatment. Wnt5a mRNA (green) level was not affected upon TBI, but it was sign

(E and F) At 3 hpi, in situ hybridization showed complement C3 mRNA (gray) lev

treatments significantly reduced C3 mRNA levels especially in Iba1+ microglial c

(G and H) NF-kB (Met downstream target) colocalized primarily with the Iba1+

treatment. In (A)–(B), n = 3/group. Two-way ANOVA test with Tukey correction (ns

n = 4 animals/group. Small black dots indicate individual sections; large green dot

of individual cell values. Statistical analysis was performed on the average value p

****p < 0.0001). Scale bar: 50 mm. Histograms represent average with standard d
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that interference with Met activation in microglial cells produces

a normalizing effect on TBI-induced responses, including

vascular inflammation, neuronal stress, and matrix remodeling.

Most importantly, the Met inhibitor remained effective even

when administered after the injury. In fact, phosphorylation levels

of Met and Btk in microglia, as well as the levels of the neuronal

Hells, were still decreased at the 3-h time point when the inhibitor

was administered 30 min after the injury (Figures S5A–S5D, cf.

Figures 2 and 5D).

Met blockade reducesmicroglial signaling and neuronal
stress also in a stab wound TBI model
We sought to further validate our findings in an independent

injury model using the stab wound injury (SWI) model.54,55 Saline

or inhibitor was administered 2 h beforemicewere subjected to a

SWI, and samples were collected 3 h post injury. We opted for

two prominent phosphorylation proteins; Met and Btk verified

previously (cf. Figure 2). Results showed a significant increase

in pMet and pBtk after SWI (Figures S6A and S6B). Interestingly,

the inhibitor treatment restricted the Met as well as Btk phos-

phorylation. We also explored lymphocyte-specific helicase

(Hells) in our second trauma model and identified a significant

increase in protein levels after SWI, which was significantly

reduced upon inhibitor treatment (Figure S6C, see also

Figure 5D).

Both acute and prolonged Met inhibitor treatments
prevent TBI-induced motor impairment
We hypothesized that blockade of acute microglial reaction

by the Met inhibitor would result in beneficial outcomes at a

behavioral level. Since our TBI model generates a focal lesion

in correspondence of the somatosensory cortex, we exploited

a quantitative test involving sensorimotor integration, based on

a single pellet-reaching task. Animals were trained for 10 days

to retrieve food pellets from a narrow slit using their forelimbs.

Success rates were recorded before TBI and at 1, 3, 5, 7, 10,

14, 17, and 21 dpi (Figure 6A). For each animal, success and fail-

ures were quantified before and after TBI (as percentage of total

attempts/trials) and defined as follows: (1) success rate (suc-

cessful retrieval of the pellet), (2) failure in reaching (impairment

in motor adaptation during reaching), (3) failure in grasping

(impairment in digit movements), (4) failure in retrieval (digit

control impairment). Animals were treated with an SD of Met/ in-

hibitor before TBI, followed by either daily vehicle for 7 days

(Inh(Met) TBI n = 4), daily Met inhibitor (multiple doses, MD)

(MD Inh(Met) TBI; n = 6), or only saline before and after the TBI

(Sal TBI; n = 7). Independent groups received either an SD of

Btk inhibitor (Inh(Btk) TBI; n = 3) or an SD of VEGFR inhibitor
lia significantly upregulated upon TBI and decreased to baseline with inhibitor

ificantly downregulated after inhibitor treatment.

els significantly upregulated in neurons and microglia upon trauma. Inhibitor

ells.

microglia cells 3 hpi, and the effect was significantly reduced upon inhibitor

= not significant, *p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001). In (D)–(H),

s indicate average per animals. Violin plots are used to highlight the distribution

er mouse, by two-way ANOVA test with Tukey correction. (ns = not significant,

eviation.
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(Inh(VEGFR) TBI; n = 4) before TBI followed by daily vehicle for

7 days (Figure 6A). In Sal TBI group, the success rate significantly

decreased at 1 dpi compared with pretreatment (Figure 6B; red:

p < 0.0001 vs. pre-trauma), largely due to an increase in reaching

failure rather than in grasping/retrieval failure, indicating a deficit

in forelimb adaptation rather than digit control56–58 (Figure 6B;

red: p < 0.0001 vs. pre-trauma, Figures S7A and S7B). In the

Inh(Met) TBI group (administered 2 h before TBI), a significant

preservation of success rate at 1 dpi was observed (Figure 6B;

green: p = 0.0005 vs. 1 dpi Sal TBI). Substantial beneficial

effects were still seen at 2 dpi (p = 0.0023 vs. Sal TBI) and 3

dpi (p = 0.0492 vs. Sal TBI), largely due to decrease in reaching

failure, (Figure 6C; green: p = 0.048 vs. 1 dpi Sal TBI). The

Inh(VEGFR) TBI group showed a preserved performance at 1

dpi (Figures 6B and 6C; blue: p = 0.048 vs. 1 dpi Sal TBI) but

immediately lost protective effects from 2 dpi. SD of the Btk in-

hibitor (Inh(Btk) TBI) failed to produce any significant effect

(Figures 6B and 6C; black).

Most notably, mice that received the Met inhibitor for 7

consecutive days (MD Inh(Met) TBI; administered 2 h before

trauma and daily thereafter) displayed a persistent preservation

of the success rate compared with Sal TBI (Figure 6B: purple;

p < 0.0001 vs. 1 dpi Sal TBI, p < 0.0001 vs. 2 dpi Sal TBI, p =

0.0002 vs. 3 dpi Sal TBI, p = 0.0012 vs. 5 dpi, p = 0.0099 vs. 7

dpi Sal TBI) and a significantly reduced reaching failure rate dur-

ing the treatment period (between day 1 and day 7, Figure 6C:

purple; p < 0.0001 vs. 1 dpi Sal TBI, p = 0.0131 vs. 2 dpi Sal

TBI, p < 0.0001 vs. 3 dpi Sal TBI, p = 0.012 vs. 5 dpi Sal TBI).

The improvement in success rate was fully attributed to a

reduced reaching failure (Figure 6C, see also Figures S7A and

S7B). Taken together, these data suggest that TBI impaired

sensorimotor adaptation, while Met inhibitor treatment pre-

served the functioning of somatosensory networks.

Met inhibition preserves neuronal integrity and resting
microglial morphology upon TBI
Finally, we explored if the beneficial effect of SD or MD of Met in-

hibitor on sensorimotor performance would have a counterpart

on the overall neuronal loss and post-traumatic gliosis. Mice

treated with either an SD or MD with a 7-day course of the Met

inhibitor or with saline were sacrificed at 21 dpi (Figure 6A). In

the Sal TBI, the density of NeuN+ cells was significantly reduced

in the site of injury (Figures 6D and 6E; p < 0.0001 vs. Sal sham).

Notably, an SD of Met inhibitor (Inh(Met) TBI) resulted in a signif-

icant increase in the number of surviving neurons (Figures 6D
Figure 5. Met inhibitor prevents neuronal stress, vascular inflammatio

(A) Post-proteome analysis volcano plot showing distribution of proteins of the in

(B) List of statistically significant upregulated (red) and downregulated (blue) protei

are shown in Data S4).

(C) Integrin beta 3 (itgb3) colocalized with vascular marker (lectin) and limited to n

area against total vessel length) were significantly upregulated at 3 hpi and redu

(D) Lymphoid-specific helicase (Hells) colocalized with neurons (NeuN+) and sho

(E) Vitronectin (Vtn) colocalized with neurons (NeuN+) and showed no overlappin

TBI, and single-dose Met inhibitor treatment restored Vtn levels to baseline leve

black dots indicate individual sections; large green dots indicate average per anim

adjusted). In (C)–(E), n = 4/group. Dots in graphs indicate individual cells/vessels

Statistical analysis was performed on the average value per mouse by two-way AN

Scale bar: 200 mm. Boxplots display the 25–75 percentile interval (box contours)
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and 6E; p < 0.0001 vs. Sal TBI). Likewise, mice administered

with Met inhibitors for 7 days (MD Inh(Met) TBI) displayed a

significantly larger number of surviving NeuN+ cells in the injury

area compared with saline-treated TBI mice, although still lower

than sham mice (Figures 6D and 6E; p < 0.0001 vs. Sal TBI).

We further analyzed the density and morphology of microglial

cells at this stage. SD of Met inhibitor, but not of Btk or VEGF in-

hibitors, displayed a significant increase in overall microglial area

(a composite readout including cell number and cell size;

Figure 6D, p < 0.0001 vs. Sal TBI). Morphometrical analysis of

microglia revealed no standing difference in Sal TBI group

compared with Sal sham controls but a statistically significant in-

crease in branch length and number of end points per cell in both

SD and MD Met inhibitor treated groups (Figures S7C and S7D;

Inh(Met) TBI vs Sal TBI; branch length p < 0.0001, endpoint

p < 0.027; MD Inh(Met) TBI vs Sal TBI; branch length p < 0.01,

endpoint p < 0.001). An SD of Btk inhibitor (Inh(Btk) TBI) or

VEGFR inhibitor (Inh(VEGFR) TBI) displayed no effect on mor-

phometrical readouts. Taken together the results suggest that

Met inhibitor treatment results in an improved protection of

neuronal integrity and increases the preservation of a ramified

state.

HGF levels are acutely upregulated in the CSF of human
TBI patients
Our murine data collectively demonstrated the role of Met

signaling in driving the acute reactivity of microglia upon TBI.

The ligand for Met, HGF, is a soluble mediator released by mul-

tiple cell types and normally found in the extracellular space59

upon cleavage of the membrane-bound precursor.60 It is known

to be detectable in the cerebrospinal fluid (CSF).61 We sought to

validate the relevance of the HGF/Met axis in human neuro-

trauma patients (clinical and demographic data in Table S5) by

assessing the levels of HGF in the CSF. Compared with two co-

horts of non-traumatic CSF controls (older patients with normal

pressure hydrocephalus-control, cohort 1, and younger patients

with tension-type headache-control, cohort 2), HGF levels were

very strongly increased already at D0, partially declined at D1,

and returned to values closer to the baseline by D3 in CSF of

TBI patients (Figure 7A). In a subset of patients that were longi-

tudinally sampled, a similar trend was observed, with massive

elevation in the early hours and quick decline toward the baseline

(Figure 7B). In order to compare the time course of HGF, we

measured the levels of two other pro-inflammatory cytokines,

IL-6 and IL1b, known to increase in acute (IL-6) or sub-acute
n, and brain matrix degradation upon TBI

jured cortex compared with Sal sham at 3 hpi.

ns with fold change and individual significance (detailed individual comparisons

o colocalization with neurons (NeuN+) or microglia (Iba1+). Itgb3 levels (Itgb3+

ced to baseline levels with inhibitor treatment.

wed no overlapping with microglia (Iba1+) cells.

g with microglia (Iba1+) cells. Vtn levels were significantly downregulated after

ls. Boxplots represent 25th–75th percentile (whiskers represent range). Small

al. In (A)–(B), n = 3/group. Significance for DE proteins was set at p < 0.05 (FDR

. In (C), expression levels were normalized over the total length of the vessel.

OVAwith Tukey correction. (*p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001).

and the full range (whiskers).
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(IL1b) phases.62,63 Levels of IL1b showed a positive trend

increasing from D0 to D3 (Figures 7C and 7D). On the other

hand, IL6 levels were elevated at D0 and quickly declined over

the next 3 days (Figures 7E and 7F). Thus, HGF trend was similar

to that of IL6 and differed from IL1b. In fact, HGF levels were

strongly correlated with IL6 levels in each sample. Thus, HGF up-

regulation characterizes the acute phases of human TBI, in

agreement with what is observed in murine samples.

DISCUSSION

TBI is characterizedby the sudden and simultaneous unfolding of

neuronal, glial, and vascular responses to injury, which involves

multiple signaling cascades setting in motion, cell death, local

inflammation, synapse disruption, glial activation, and blood-

brain barrier disruption. We have captured the complexity of

these events initially by monitoring the phosphorylation status

of 39 different RTKs at multiple timepoints after TBI. This

approach has the advantage of focusing on multiple targets

with high translational potential (tyrosine kinases) while identi-

fying the signature of several concomitant processes and cell

subtypes.

Our findings confirm previous anecdotal reports about individ-

ual RTKs14,64,65 and further extend the characterization of the

acute signaling landscape in TBI. Notably, the 3 hpi and 1 dpi

samples displayed changes in the phosphorylation of a set of

receptors involved in microglial reactivity, namely the upregula-

tion of the phosphorylation of pro-inflammatory Met and

MSPR, together with the concomitant downregulation in the

phosphorylation of reactive microglia-suppressing4,19 Axl and

Dtk (Figures 1C and 1D), pointing toward a coordinated shift in

the balance between different signals regulating microglial acti-

vation. Notably, this effect is not present for milder TBI (where

Axl and Dtk are actually up-phosphorylated), indicating that

even small differences in TBI severity may translate in either

the enhancement or the suppression of the reactive microglial

phenotype (Figure S1H).

Further characterization of the signaling landscape at 3 hpi us-

ing a distinct array platform and immunohistochemistry not only

confirmed several of the targets already identified (most notably

Met, VEGFR1, and EGFR) but revealed the phosphorylation of

RTKs such as Flt366 and a series of NRTKs such as Fer, Lck,

Abl, and Btk involved in microglia reactivity and neuroinflamma-

tion. The latter is largely restricted to immune cells, including mi-

croglia. We elected to use small-molecule inhibitors to explore
Figure 6. Met inhibitor improves TBI-induced motor impairment and p

(A) Schematic outline of the experiment.

(B) Success rate was significantly reduced at 1 dpi until 14 dpi (Sal TBI group,

percentage of two groups, Inh(Met) TBI, green, and Inh(VEGFR) TBI, blue, was si

improvement in success percentage until 3 dpi compared with Sal TBI. Success

treatment: MD Inh(Btk) TBI, purple, starting 1 dpi with persistent improvement u

(C) Significant increase was reported in reaching failure in Sal TBI compared with

was observed in Inh(Met) TBI and Inh(VEGFR) TBI compared with Sal TBI. Inh(Met

Sal TBI. MD Inh(Met) TBI group showed a significant decrease in the percentage

(D and E) Reduced neuronal count was observed in Sal TBI group compared with

compared with Sal TBI. Microglia cells also showed an increase in density among

(A)–(C), n = 7 for Sal TBI, n = 3 for Inh(Btk) TBI, n = 4 for Inh(VEGFR) TBI and In

correction. (*p < 0.05, **p < 0.001, ***p < 0.001, ****p < 0.0001). Scale bar: 300 mm
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the roles of Met, VEGFR, and Btk on microglial activation and

on the overall secondary damage. Both the Met inhibitor and

the VEGFR inhibitor exerted a substantial impact on the phos-

phoproteome. The Met inhibitor caused the down-phosphoryla-

tion of a number of RTKs involved in immune function (c-Kit,

IL3R, PDGFRa) and of related signaling molecules, most notably

Btk and Hrs (the hepatocyte growth factor-regulated tyrosine ki-

nase substrate), a critical signaling hub for Met.67,68 The VEGFR

inhibitor affected amuch larger set of targets, coherently with the

broader expression of the receptor and the broader specificity of

the inhibitor. Interestingly, the VEGFR inhibitor affected targets

partially overlapped with the Met targets, in particular with the

down-phosphorylation of Btk, Hrs, IL3R, and EGFR. The Btk in-

hibitor itself does not appear to be sufficient to bring about a sig-

nificant change in the phospho-proteome or a beneficial effect in

histological and behavioral readouts. This finding is in contrast

with the previously established beneficial effect of Btk suppres-

sion in stroke69 and in demyelinating disease.70 Indeed, the

limited effect of the Btk inhibitor on the signaling cascades,

despite an impact on Btk phosphorylation itself, suggests that

either the redundancy of the signaling cascades is so that inhibi-

tion of a single downstream/non-receptor kinase is less effective

than the inhibition of upstream receptors or that a more intense

suppression of Btk is needed to observe beneficial effects. The

pan VEGFR inhibitor also delivered no beneficial effect on

behavior. It may be speculated that the broader selectivity

(including VEGFRs, PDGFRs, c-kit, and others34) may have led

to the interference with multiple pathophysiological cascades,

either beneficial or detrimental, with no net beneficial effect.

We havemechanistically investigated the role of Met blockade

onmicroglial activation (and its broad consequences in the acute

TBI landscape). We demonstrated that the reactive morphology

and the induction of inflammatory mediators in microglia upon

TBI are prevented by Met blockade and that vascular inflamma-

tion, extracellular matrix degradation, and neuronal stress are

also prevented. Finally, the grasping task revealed that either

an SD or a 7-dayMD treatment with Met inhibitor delivered a sig-

nificant improvement inmotor performance, corresponding to an

enhanced preservation of neuronal integrity in the site of injury.

Taken together, our dataset identified Met as a new regulator

of microglial activation and, more broadly, of the neuroimmuno-

logical response to TBI. Met and the closely related RON recep-

tor are expressed in microglia,26,71–73 macrophages,74,75 and

other immune cells including subsets of B and T lympho-

cytes,76,77 as well as in a number of non-neuronal tissues.78 In
reserves neuronal density and branched microglial morphology

red; Inh(Btk) TBI, black) compared with respective pre-treatments. Success

gnificantly improved compared with Sal TBI. Inh(Met) TBI showed a persistent

percentage was significantly improved with consecutive multiple doses of Met

ntil 7 dpi.

pre-trauma and Inh(Btk) TBI at 1 dpi. A significant decrease in reaching failure

) TBI showed a persistent decrease in reaching failure until 3 dpi compared with

of reaching failure compared with Sal TBI from 1 dpi until 5 dpi.

Sal sham, and neuroprotection was observed in Inh(Met) TBI and MD Inh(Met)

Inh(Met) TBI and MD Inh(Met) TBI. All graphs are represented as mean ± SD. In

h(Met) TBI, and n = 6 for MD Inh(Met) TBI. Two-way ANOVA test with Tukey

. Histograms and timecourse plots represent average with standard deviation.



Figure 7. HGF is upregulated in the CSF of

human TBI patients

(A–E) Significant upregulation of (A–B) HGF, (C–D)

IL1b, and (E–F) IL6 protein in cerebrospinal fluid

(CSF) samples of traumatic brain injury patients

compared with control samples. ELISA results for

(B) HGF and SIMOA results for (F) IL6 show upre-

gulation at 0 and 1 day after trauma and reduce after

3 days. On the other hand, (D) IL1b levels increase

over time from day 0 to day 3. Boxplots represent

the 25th–75th percentile and median value (whis-

kers represent range). In (A), (C), and (E), n = 13 for

control, n = 18 for day 0, n = 25 for day 1, n = 28 for

day 3. In (B), (D), and (E), n = 7 for all groups. Dots

represent individual human CSF samples. Clinico-

demographic details are reported in Table S5. Two-

way ANOVA test with Tukey correction. (*p < 0.05,

**p < 0.001, ***p < 0.001, ****p < 0.0001). Boxplots

display the 25–75 percentile interval (box contours)

and the full range (whiskers).
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macrophages, Met induces motility, chemotaxis and chemokine

secretion,75,79 and proliferation.25 Interestingly, Met has been re-

ported to shift macrophage polarization toward the so-called

non-inflammatory M2 phenotype,74,80 and it stimulates IL10

secretion.81 On the other hand, Met activation enhances macro-

phages infiltration and chemokine secretion79,82 to drive the pro-

liferation of M1-polarized macrophages,25 proposing that Met

effects may be dependent on the local microenvironment. While

microglia express both Met and its ligand HGF,73 the conse-

quences of Met signaling in microglia in a pathology context

are unclear. Our data suggest that Met activation may gate the

induction of a reactive phenotype and contribute to the induction

of inflammatory cytokines. Additional mechanisms may be

involved in the overall effect of Met inhibition on microglia. We

have also shown that Met inhibition prevents the nuclear translo-

cation of NF-kB, which is a key regulator of the reactive microglia

state and phagocytes.50 Given the role in inducing chemotaxis,
Cell
Met may contribute (together with other

chemotactic factors5) to microglial migra-

tion toward the site of injury. Interestingly,

microglial cells remained in a ramified-

morphology state up to 14 days after the

last administration of the inhibitor, sug-

gesting that Met may permanently prevent

access to a reactive phenotype. Inter-

estingly, a similar phenotype of increased

microglial arborization (‘‘hyper-ramified

microglia’’) has been previously re-

ported,83–86 in particular upon traumatic

injury.45 The characterization of this

morphologically distinct microglia state re-

mains not univocal. It has been reported

that hyper-ramified microglia do not show

classical signs of reactive or detrimental

microglia85 and may rather be associated

with increased activity of neuronal

circuits.87
Our findings identify a number of RTKs with transient activa-

tion in the early phases of the TBI responses. Met inhibition

shows that interventions at this stage may have profound acute

as well as long-lasting modulatory effects onmicroglial response

to TBI, neuronal integrity, and motor performance. Thus, Met

provides a proof of concept for the identification of newmodula-

tors of TBI response based on their impact on the acute large-

scale signaling landscape, which may shape the overall

response to trauma in the long term.

Limitations of the study
The present study is not without limitations. First, our exploration

of the role of Met, VEGFR, and Btk relies on small-molecule in-

hibitors. This approach has the advantages to explore selectively

acute effects, devoid of long-term or developmental adaptations

due to constitutive gene knockout and, at the same time, to

provide insights toward drug repurposing strategy (therefore
Reports 41, 111867, December 27, 2022 13
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delivering a better translational outlook). On the other hand,

small-molecule TK inhibitors are rarely completely selective,

and inhibition of closely related RTK (e.g., simultaneous

blockade of VEGFR1, VEGFR2, and VEGFR3) may contribute

to the overall effect. Moreover, the efficacy of small-molecule in-

hibitors is affected by their pharmacokinetics, in particular by

their blood-brain barrier penetration, so we have provided proof

of target engagement. Second, we elected to investigate a TBI

model with relatively mild (in terms of NSS score and histology)

consequences, and the findingsmay be not directly extrapolated

to conditions characterized by large hematomas, extensive

necrotic lesions, or bone fracture. In fact, even a small difference

in kinetic energy may drive distinctive responses (as shown in

this paper), and hematomas may drive substantially different

biology.14 Additional variables to be considered in the explora-

tion of the parametric space would include sex, age, genetic

background, and comorbidities besides the severity of injury.

Having provided a proof of concept in the present work, addi-

tional variables may be tested in future. Third, the elevation of

HGF seen in a clinically representative cohort of human subjects

suggests that our experimental findings may be applied to

human subjects. The study of CSF samples is subject to the

heterogeneity associated with clinical studies. Furthermore,

since ventricular CSF samples from healthy subjects cannot be

obtained for ethical reasons, the reference cohorts are not

perfectly matched for age (control ventricular CSF samples are

older than TBI patients) or for anatomical site (lumbar samples

from tension-type headache patients is not a precise match for

ventricular CSF). Nevertheless, the magnitude of the effect of

TBI appears to be larger than any variability associated with

age or with site of sampling.
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48. Mecha, M., Yanguas-Casás, N., Feliú, A., Mestre, L., Carrillo-Salinas, F.J.,

Riecken, K., Gomez-Nicola, D., and Guaza, C. (2020). Involvement of

Wnt7a in the role of M2c microglia in neural stem cell oligodendrogenesis.

J. Neuroinflammation 17, 88. https://doi.org/10.1186/s12974-020-

01734-3.

49. Halleskog, C., Dijksterhuis, J.P., Kilander, M.B.C., Becerril-Ortega, J.,

Villaescusa, J.C., Lindgren, E., Arenas, E., and Schulte, G. (2012). Het-

erotrimeric G protein-dependent WNT-5A signaling to ERK1/2 medi-

ates distinct aspects of microglia proinflammatory transformation.

J. Neuroinflammation 9, 111. https://doi.org/10.1186/1742-2094-9-111.

50. Frakes, A.E., Ferraiuolo, L., Haidet-Phillips, A.M., Schmelzer, L., Braun, L.,

Miranda, C.J., Ladner, K.J., Bevan, A.K., Foust, K.D., Godbout, J.P., et al.

(2014). Microglia induce motor neuron death via the classical NF-kB

pathway in amyotrophic lateral sclerosis. Neuron 81, 1009–1023. https://

doi.org/10.1016/j.neuron.2014.01.013.

51. Lai, W., Ouyang, L., Liu, N., Liu, S., Shi, Y., Chen, L.,Wang, X., Xiao, D., Liu,

S., and Tao, Y. (2020). Identification of CpG Methylation and Non-CpG

Methylation Is Associate with Lymphocyte Specific Helicase. https://doi.

org/10.21203/rs.2.19979/v1.

52. Welser-Alves, J.V., andMilner, R. (2013). Microglia are the major source of

TNF-a and TGF-b1 in postnatal glial cultures; Regulation by cytokines,

lipopolysaccharide, and vitronectin. Neurochem. Int. 63, 47–53. https://

doi.org/10.1016/j.neuint.2013.04.007.

53. Del Zoppo, G.J., Milner, R., Mabuchi, T., Hung, S., Wang, X., Berg, G.I.,

and Koziol, J.A. (2007). Microglial activation and matrix protease genera-

tion during focal cerebral ischemia. Stroke 38, 646–651. https://doi.org/

10.1161/01.STR.0000254477.34231.cb.

54. Frik, J., Merl-Pham, J., Plesnila, N., Mattugini, N., Kjell, J., Kraska, J., Gó-
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-NeuN Abcam Cat# PA5-78499, RRID: AB_2736206

Rabbit anti-GFAP Abcam Cat# Ab4674, RRID: AB_305808

Chicken anti-GFAP Abcam Cat# Ab4674, RRID: AB_304558

Rabbit anti-pMet/HGFR (Tyr1234) Cell signaling Cat# 3077S, RRID: AB_628123

Rabbit anti-pMet/HGFR (Tyr1234) R&D systems Cat# AF2480, RRID: AB_416603

Rabbit anti-pBTK (Tyr222) Novus biologicals Cat# NBP1-78295, RRID: AB_11032627

Rabbit anti-pVEGFR1 (Tyr1333) Biorbyt Cat# orb644609, RRID: AB_2924912

Rabbit anti-HELLS Antibodies.com Cat# A34212, RRID: AB_2924912

Rat anti-Vitronectin R&D systems Cat# MAB38751, RRID: AB_2216439

Mouse anti-Integrin beta 3 Novus biologicals Cat# NB600-1342, RRID: AB_10003443

Guinea pig anti-Iba1 Synaptic systems Cat# 234004, RRID: AB_2493179

Lycopersicon Esculentum (Tomato) Lectin

(LEL, TL), DyLight� 594

Vector labs Cat# DL-1177-1, RRID: AB_2336416

Rabbit anti-Cd11c Synaptic Systems Cat# 375 003, RRID: AB_2630323

Mouse anti-Cd68 Abcam Cat# ab31630, RRID: AB_1141557

Rabbit anti-Ki67 Thermo Scientific Cat# RM-9106-S0, RRID: AB_2341197

Chicken anti-Tmem119 Synaptic Systems Cat# 400 006, RRID: AB_2744643

Rabbit anti-NF-kappa-ß-P65 CST Cat# 8242T, RRID: AB_10859369

Chemicals, peptides, and recombinant proteins

Alexa Fluor 488 Tyramide SuperBoost Kit Invitrogen B40922

JNJ-38877605 Selleckchem HY50683

Spebrutinib (CC-292) Selleckchem S7173

Valatanib (PTK-787) MedChemExpress HY-12018

Critical commercial assays

Proteome Profiler Mouse Phospho-RTK Array Kit R&D systems ARY014

Full Moon Tyrosine phosphorylation array Full Moon Biosystems PCS300

Antibody array assay kit Full Moon Biosystems KAS02

SIMOA IL-6 Advantage Kit Quanterix 101622

SIMOA IL-1b Advantage Kit Quanterix 101605

Deposited data

Proteomics data PRIDE database PRIDE: PXD037500

Software and algorithm

Image J NIH RRID: SCR_003070

Prism 7.0 GraphPad Software RRID: SCR_002798

R studio R NA

GenePix Pro Software v7 Molecular Devices LLC RRID: SCR_010969

Other

LEICA Confocal microscope DMi8 S Platform NA
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Francesco

Roselli (francesco.roselli@uni-ulm.de). Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.

GenePix 4000B Microarray Scanner Molecular Devices LLC GENEPIX 4000B-U
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Materials availability
All reagents generated in this study are available from the lead contact.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d The code used in the study has been made public on the GitHub repository; github.com/Rida-Rehman/PROTEAS.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

d The proteomics data are available on PRIDE database via ProteomeXchange with identifier PRIDE: PXD037500 (http://www.

ebi.ac.uk/pride).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains
All experimental procedures were performed in compliance with animal protocols approved by the local veterinary and animal exper-

imentation committee at University Ulm, Germany under the license number 1370 (blunt TBI) or 1379 (stab wound injury) or by the

institutional ethical committee of KU Leuven with license number P021-2017. B6SJL male mice aged between p60–p90 days

were used throughout the study. Mice were kept in animal house with 12/12h sleep wake cycle. Food and water were provided

and cages cleaned as needed or after 1 week.

Human CSF samples
CSF samples from TBI patients were obtained at the Alfred Hospital, Melbourne and was approved by the Alfred ethical committee

and by the ethical committee of UlmUniversity (license 194/05). Informed consent for the sampling of CSFwas obtained from the next

of the kin; data regarding the original cohort have been previously published.63 Inclusion criteria were: severe TBI with a post-resus-

citation GCS%8 (unless initial GCS>9was followed by deterioration requiring intubation) and, upon CT imaging, the need for an extra

ventricular drain (EVD) for ICP monitoring and therapeutic drainage of CSF. Exclusion criteria comprised pregnancy, neurodegener-

ative diseases, HIV and other chronic infection/inflammatory diseases, or history of TBI. CSFwas collected over 24 h and kept at 4�C.
Samples were obtained on admission (day 0), in the first 24h (day 1) and three days after injury (day 3). CSF samples were centrifuged

at 2000g for 15min at 4�C and stored at�80�C until analysis. Out of the 42 TBI patients constituting the original cohort,63 we selected

samples from 30 patients, depending on the availability of three aliquots for day 0, day 1 and day 3 after injury (Clinico-demographic

details available in Table S5).

Traumatic brain injury (TBI) model
For all surgical procedures, mice were anesthetized with sevoflurane/isoflurane (2–4% in 96% O2) and were subcutaneously in-

jected with buprenorphine (0.1mg/kg) as a pre- or postoperative analgesic. TBI was induced in mice by a modified closed, blunt

weight drop model.88 The scalp was shaved and eye ointment was applied post-operatively to protect the cornea. Scalp skin

was then incised on the midline to expose the skull and the animals were positioned in the weight-drop apparatus in which

the head was secured to a holding frame. Using the 3-axis mobile platform in the apparatus, the impactor was positioned to

the coordinates of the injection site (from bregma x = +3.0mm, y = � 2.0mm, z = 0.0mm). TBI was delivered by dropping a

weight of 120/125g from a height of 45 cm (or 40 cm for low impact). A mechanical stop prevented a skull displacement (by

the impactor) larger than 2.5 mm, in order to limit brain damage. The overall time of mice exposure to sevoflurane/isoflurane

did not exceed 10 mins. After restoration of normal breathing, mice were removed from the stereotactic frame. The skin was

sutured with proline 6.0 surgical thread and the mice were left on the heating pad until regained consciousness. Severity of

the trauma was assessed by the Neurological Severity Score at 2h14. All mice used in the present study had NSS ranging be-

tween 0 and 1. Animals were then transferred to recovery cage ad libitum access to food and water. Animals were sacrificed at

3h (corresponding approximately to the time-to-triage in human mild TBI patients89) and at 1-, 3- and 7-days post injury (approx-

imately corresponding to different stages of injury evolution90). Effort was made to minimize the suffering of animals and reduce

the number of animals used.

Stab wound injury (SWI) model
The stab wound injury (SWI) was used as a second injury model in the study.54,91 Briefly, mice aged p60-90 were anesthetized with

an intraperitoneal injection of midazolam, medetomidine, and fentanyl (5 mg/kg; 0.5 mg/kg; 0.05 mg/kg). A unilateral craniotomy

was performed. The blade was inserted into the primary motor cortex up to a depth of 0.8 mm (z = �0.8) and moved 1 mm in the

dorsal direction. Three parallel stab-injuries were performed with a gap of 0.2 mm. This gap was chosen so that the three injuries

would actually form a single lesion area. The health status of the animals was monitored after the procedure and until the end of

the experiment. The skin was sutured with proline 6.0 surgical thread and the mice were left on the heating pad until regained

consciousness. Animals were sacrificed at 3h. Effort was made to minimize the suffering of animals and reduce the number of

animals used.
e2 Cell Reports 41, 111867, December 27, 2022
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Antibodies
Primary antibodies used were: Mouse anti-NeuN (1:100, Abcam), Rabbit anti-GFAP (1:500, Abcam), Rabbit anti-pMet/HGFR (1:200,

Cell Signaling/R&D systems), Rabbit anti-pBTK (1:200, Novus Biologicals), Rabbit anti-pVEGFR1 (1:200, Biorbyt), Rabbit anti-HELLS

(1:100, Antibodies.com), Rat anti-Vitronectin (1:100, R&D systems), Mouse anti-Integrin beta 3 (1:50, Novus biologicals), Guinea pig

anti-Iba1 (1:500, Synaptic systems), Chicken anti-GFAP (1:500, Abcam), Lycopersicon Esculentum (Tomato) Lectin (LEL, TL), Dy-

Light� 594 (1:100, Vector labs), Rabbit anti-Cd11c (1:500, Synaptic Systems), Mouse anti-Cd68 (1:200, Abcam), Rabbit anti-Ki67

(1:500, Thermo Scientific), Chicken anti-Tmem119 (1:500, Synaptic Systems), Rabbit anti-NF-kappa-ß-P65 (1:100, CST). Secondary

antibodies were used from Invitrogen or Life Technologies, raised in either goat or donkey against primary antibody’s host species,

highly crossed absorbed and conjugated to fluorophores of Alexa Fluor 488, Alexa Fluor 568, Alexa Fluor 647 and used at a 1:500

dilution. Alexa Fluor 405 conjugated DAPI was used at 1:1000 dilution. For signal amplification, streptavidin conjugated to Alexa Fluor

488 (1:1000, Life Technologies) was used to amplify against the biotin tag.

Perfusions and tissue processing
Animals were given an overdose of anesthesia and transcardially perfusedwith 25mL ice cold PBS 0.5MEDTA followed by 50mL 4%

paraformaldehyde (PFA). After perfusion, brains were dissected and post fixed in 4% PFA overnight at 4�C. Tissues were cryo pro-

tected by sinking in 30% sucrose in PBS. Samples were frozen in the Optimal Cutting Temperature (OCT) compound (Tissue Tek,

Sakura) using dry ice. 40 mm thick free-floating sections, spanning the injection/TBI site (identified using coordinates, appearance

of third and lateral ventricles, corpus callosum using Allen brain Atlas as reference) were cut in a cryostat, collected in PBS and pro-

cessed for immunostaining.

Protein extraction
Mice were sacrificed at respective timepoints (or sham surgery in case of control) by placing them in heavy sevoflurane filled con-

tainers. Once the animals stopped breathing, they were removed from the container and the brain was quickly dissected in cold

PBS. Tissue samples (B 0.25 cm) were punched from the lesioned and contralateral uninjured somatosensory cortex and immedi-

ately frozen at �80�C.
For the arrays, samples were then thawed in RIPA buffer prepared in house (150mMNaCl, 10mM Tris, 0.1% Sodium Dodecyl Sul-

fate (SDS), 1% Triton 100X and 5mM EDTA) containing Phosphatase (1 tablet per 3.3mL lysis buffer) and Protease (1 tablet per

16.67mL lysis buffer) inhibitor (Roche complete tablets, Sigma-Aldrich, Taufkirchen, Germany) cocktail and homogenized with

approximately 20 strokes of Dounce apparatus. Tissue homogenates were then cleared by centrifugation twice (10.000g, 10min

and 10.000g, 5 mins) and assayed for protein concentration using the BSA kit from ThermoFisher.

Phospho RTK array processing
Proteome Profiler Mouse Phospho-RTK Array Kit (R&D Systems, Minneapolis) was used to determine the Phospho RTK activation

pattern. The nitrocellulose membrane arrays provided in the kit were based on sandwich immunoassay and processed according to

manufacturer’s instructions. Briefly, membranes spotted with the anti-RTK antibody were blocked in Array buffer 1 for 1h at RT. 130

ug of extracted protein was diluted in 1.5mL Array buffer 1 overnight at 4�C.
Themembranes were thenwashed 33 10min inWash Buffer and incubated for 2 h at RTwith Anti-Phospho-Tyrosine-HRP Detec-

tion Antibody, diluted to 1:5000 in 1X Array Buffer 2. After final washing steps, HRP detection was performed by adding 1 mL Clarity

MaxTMWestern ECL Blotting Substrates fromBio-Rad. Arrays were imaged using BioRad X-ray imager and quantified using ImageJ.

ROI was drawn on each antibody spot with a constant diameter and mean gray value was recorded. Further analysis was performed

using R software.

Tyrosine kinase array processing
Tyrosine phosphorylation proarray (Full moon Biosystems, Sunnyvale, CA) were used to determine the phosphorylation of 228 phos-

phorylation targets. The arrays were processed according to the manufacturer’s instructions. Briefly, the sample was biotinylated

with Biotin/DMF solution for 2 h at RT with episodic vortex. The solution was mixed with reaction stop reagent and incubated for

30 mins at RT. The glass arrays were incubated in a blocking solution for 45 minutes and washed 10 times with distilled water until

the slide was smooth without any residue. After adding a biotinylated sample to the coupling solution, arrays were incubated for

2h at RT and washed with 1X wash buffer three times for 10 mins. The arrays were washed again with distilled water (G biosciences)

and incubated with a detection buffer with Cy5-streptavidin (ThermoFisher) at 1:1000 for 20 minutes at RT protected from light. The

washing steps were repeated as described above. After removing excess water from the slides, the arrays were dried using 10 psi

compressed air at a 30-degree angle with 2-inch distance between the nozzle and the glass slide. The arrays were images

using GenePix 4000B array scanner (Molecular Devices, LLC) and the image analysis was performed using GenePix Pro Software

v7 (Molecular Devices, LLC). The settings for the analysis were kept constant in all cases. The GAL file was loaded in the software

and the ROI was adjusted on the protein spots. Each intensity was recorded and GPR files were saved.
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Proteomics (mass spectrometry) measurement and analysis
Samples collected at 3h, 3d and 7d were processed and analyzed together. Liquid Chromatography with Tandem Mass Spectrom-

etry (LC-MS/MS) measurement was performed in data-independent acquisition (DIA) mode on a Q-Exactive HF mass spectrometer

(Thermo Scientific) coupled online to a nano-RSLC (Ultimate 3000 RSLC; Dionex). Tryptic peptides were automatically loaded on a

C18 trap column (300 mm inner diameter (ID)3 5mm, Acclaim PepMap100 C18, 5 mm, 100 Å, LC Packings) at 30mL/min flow rate. For

chromatography, a C18 reversed phase analytical column (nanoEase MZ HSS T3 Column, 100Å, 1.8 mm, 75 mm3 250 mm, Waters)

at 250nL/min flow rate in a 120minutes non-linear acetonitrile gradient from 3 to 40% in 0.1% formic acid was used. The DIAmethod

consisted of a survey scan from 300 to 1,650 mass-to-charge ratio at 120,000 resolution and an automatic gain control (AGC) target

of 3e6 or 120 msmaximum injection time. Fragmentation was performed via higher energy collisional dissociation with a target value

of 3e6 ions determined with predictive AGC. Precursor peptides were isolated with 37 variable windows spanning from 300 to 1,650

mass-to-charge ratio at 30,000 resolutions with an AGC target of 3e6 and automatic injection time. The normalized collision energy

was 28, and the spectra were recorded in profile mode.

For label-free quantification, the LC�MS/MS data set was analyzed using Spectronaut (Version 13, Biognosys, Schlieren,

Switzerland) with default settings for the spectral library search. Automatic calibration mode was chosen with precision iRT enabled

for applying the nonlinear iRT calibration strategy. Peptide identification was filtered to satisfy FDR = 0.01. Only proteotypic peptides

were considered for protein quantification applying summed precursor quantities based on MS2 area quantity. Match between runs

was enabled with the data filtering function set to q-value percentile mode applying the 10% setting. For this study, we have only

included 3hpi results while 3dpi and 7dpi results will be published in subsequent study. Proteomic data are available on PRIDE data-

base via ProteomeXchange with identifier PXD037500.

Pharmacological agents and treatment procedures
The BTK inhibitor CC-292 (Selleckchem chemicals, Munich, Germany), Met inhibitor JNJ38877605 (Medchem) and VEGFR1 inhibitor

Vatalanib (PTK787) 2HCl (Selleckchem chemicals, Munich, Germany) are commercially available. Drugs were dissolved in a minimal

volume of DMSO; CC-292 10mg in 50ul, JNJ38877605, 10mg in 150 ul, PTK787, 10mg in 100ul. The selected doseswere dissolved in

200 ul of vehicle (90% saline, 5% PEG 400 and 5% Tween 80) maintaining the concentration of DMSO less than 5% in the final dose.

The inhibitors were orally administered at doses 2 h before the trauma in order to obtain an approximated peak systemic concen-

tration at the moment of trauma, based on available pharmacokinetic data. For longer inhibitor treatment in behavior experiments,

drug or saline was administered 2h before trauma for a period of 7 consecutive days. For each successive day, dose was adminis-

tered immediately after the behavior session.

Immunostaining
Before blocking, antigen retrieval was performed by incubating the sections in Sodium Citrate Buffer (10mM Sodium Citrate, 0.05%

Tween 20, pH 6.0) in a hot water bath (75�C) for 45 minutes. For phosphorylated proteins, sections were then subjected to hydrogen

peroxide (0.3% H2O2) treatment for 20–30 minutes to quench the endogenous peroxidase activity. Sections were then blocked in a

blocking buffer (3% BSA, 0.3% Triton in PBS) for 2h at 24 �C on a rotary shaker. Following blocking an appropriate mix of primary

antibodies were diluted in the blocking buffer and incubated for 48 h at 4 �C. For staining against phosphorylated proteins, sections

were then incubated in poly-HRP-conjugated secondary antibody or HRP-conjugated streptavidin from Alexa Fluor 488 Tyramide

SuperBoost Kit (Invitrogen) for 60 minutes and then incubated in Tyramide working solution according to manufacturer’s protocol.

After incubating in Reaction stop reagent for 8 mins, sections were washed in PBS for 3 3 30 min and incubated in the appropriate

mix of other secondary antibodies, together with, whenever appropriate, the DNA dye TOPRO-3 (1:1000, Invitrogen), diluted in a

blocking buffer for 2h at 24 �C. After further washing the sections for 3 3 30 min in PBS, the sections were mounted on coverslips

and onto the slides using FluoroGold Plus (Invitrogen).

Western blotting
Protein lysateswere prepared using Radioimmunoprecipitation assay (RIPA) buffer (150mMNaCl, 10mMTris pH 7,6, 0,1%SDS, 1%

Triton X-100, 5 mM EDTA). Protease (Roche) and phosphatase inhibitors (Sigma Aldrich) were added to the buffer. Protein concen-

trations in the samples were determined using the BCA assay kit (Thermo Fisher Scientific). The Protein samples (60 mg) were then run

on an 8–10% gel for 2 h at 60V and transferred to a nitrocellulose membrane. The membranes were blocked for 1 h at room temper-

ature with 5% skim milk powder or 5% BSA dissolved in Tris-Buffered Saline-Tween (TBS-T), followed by an overnight incubation of

primary antibodies at 4�C. The blots were then incubated in a secondary goat conjugated IgG-HRP antibody (rabbit or mouse;

depending on the primary host) for 1h at RT. The blots were visualized using ECL-immunodetection. Samples were corrected for

background and quantified using BIORAD Image Lab Software� 5.0, following manufacturer’s procedures. All values were normal-

ized first to the housekeeping genes (b-actin) and then to their respective total protein.

Microscopy
Confocal images were acquired using a LEICA DMi8 S inverted microscope, fitted with a 103 air or 203 oil objective. Tile-scans of

53 3 was acquired to cover the full span of the injury site and the full cortical thickness. The images were acquired in a 12-bit format.

Imaging parameters (laser power, photomultiplier voltage, digital gain, and offset) were established with the goal of preventing
e4 Cell Reports 41, 111867, December 27, 2022



Article
ll

OPEN ACCESS
saturation in target structureswhile obtaining a lowest signal intensity of at least 150 (in arbitrary units). Image capture and processing

conditions were kept constant when imaging was used for quantification. Brightness and contrast of images are adjusted and

pseudo-colored for presentation.

Behavioral performance and assessment
The overall neurological/motor impairment was evaluated using forelimb reaching task recorded using four high-speed cameras (200

frames/second) for subsequent analysis. Animals were trained for 10 days for 20 minutes to extract food pellets from a narrow slit

using their forelimbs. Food was restricted 2 h after the training session until the next session or conclusion of the experiment. Exclu-

sionsweremade based on a 10% reduction in bodyweight of animals. After the training period, pre-treatment recordingsweremade.

Post trauma recordings were made after 1, 3, 5, 7, 10, 14, 17 and 21 days. The analysis was performed by manually counting four

modular aspects of forelimb movement. The trial was considered only if the paw is extended outside the plexiglass slit; (i) success;

retrieving the pellet inside the container, (ii) failure (reach); unable to reach food due to problem in to assess sensorimotor impairments

due to TBI, (iii) failure (grasp); reaches the pellet but unable to grasp it properly and (iv) failure (retrieval); hold the pellet but unable to

retrieve inside the container. Percentages for the recorded trials for all four conditions were recorded by averaging against respective

total trials per animal per session and analysis were performed by comparing groups with pretreatment (for TBI group) or subsequent

time points among different groups.

In situ hybridization
Single-molecule in situ mRNA hybridization was performed according to manufacturer instructions (ACDBio, RNAscope, Fluores-

cence in Situ mRNA Hybridization for histological sections, all reagents/buffers were provided by ACDbio) with some modifications.

Briefly, slides were mounted on glass slides. Target retrieval was performed for 3 min and sections were washed with dH20 and

ethanol. Thereafter, slides were pretreated with protease III for 20 min at 40 �C and probe hybridization (for Wnt5a, TNFa, HGF

and C3) was performed for 4.5 h at 40 �C, followed by 2 3 2 min washing step with washing buffer (provided by ACDbio) and

30 min incubation of amplification-1 reagent at 40 �C. Slides were washed 2 3 2 min and incubated with amplification-2 reagent

for 15 min at 40 �C followed by another 2 3 2 min washing step. The last amplification was performed by 30 min incubation with

amplification-3 followed by a 2 3 2 min washing step. A final detection amplification was performed by incubating the

amplification-4 reagent for 45min at 40 �Cand the final washing stepwas increased to 23 10min. The co-immunostaining procedure

was performed soon after as follows: slides were blocked for 1 h in 10% BSA, 0,3% Triton in PBS and incubated overnight with

primary antibody (Guinea pig anti-Iba1, 1:500 [abcam] and mouse anti-NeuN, 1:500 [abcam]). Slides were washed 3 3 30 min

and incubated with secondary antibodies (Donkey anti-mouse 405, 1:500 [invitrogen] and Donkey anti-guinea pig 647 [Invitrogen]).

After the last round of washing (3 3 30 min in PBS), the slides were mounted using Fluorogold prolong antifade mounting medium

(Invitrogen)

ELISA and SIMOA assays
Single-molecule arrays were performed as per manufacturer instructions (Quanterix) for the quantification of IL-6 and IL-1b. CSF

samples were diluted 1:20 for IL-6 measurements and diluted 1:5 for IL-1b measurements. The assay was then read on HD-1

Analyzer (Quanterix, USA). HGF levels in CSF were measured by sandwich ELISA for HGF (DuoSet Kit, R&D Systems, Minneapolis,

MN, USA), as described by themanufacturer. The detection range was 125–8000 pg/mL for HGF. Undiluted CSF samples were used

and the assay was read on a microplate reader set to 450 nm wavelength.

QUANTITATIVE AND STATISTICAL ANALYSIS

Array analysis
Chemiluminescence signal for each spot was logged after microarray image analysis. The raw intensity values for each receptor/pro-

tein were recorded automatedly via image recorder software or manually using ImageJ software. The raw data files were loaded in R

software and the dataset for each array was preliminary subjected to quality control assessment (QCA); outlier identification, data

distribution, intra-array and inter-array normalization. Normalized data for each array was subjected to principal component analysis

(PCA) to display group-based clustering. Confidence ellipses (assuming multivariate normal distribution) with the first two principal

components were plotted to validate further analysis. Modified linear modeling-based analysis was then applied to the data to iden-

tify RTK showing a significant increase or decrease in phosphorylation at the different timepoints. For protein array analyses, the code

has been made publicly available on open-access GitHub repository PROTEAS.92

Image analysis
Region of interest was 2 3 10mm2 and kept constant for all analyses. For the measurement of NeuN+ cells, Iba1+ cells and GFAP+

cells, 53 3 composite tiles cans of confocal stacks were acquired with the 103 objective to image the injury site and the surrounding

penumbral and perilesional areas. Confocal stacks of 10–12 optical sections (at the same depth) were collapsed in maximum-inten-

sity projections in ImageJ and a threshold was set for the resulting images, to establish a reproducible criterion. Regions of Interests
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(ROIs) were positioned centered on the axis of the injury site. In these ROIs, the number of NeuN+ cells and/or GFAP+ cells were

manually counted. At least 3–5 tissue sections were analyzed from each of 3–6 mice per experimental group.

For p-Met, pBTK, pVEGFR1, Vitronectin and HELLS fluorescence intensity analysis, confocal stacks composed of 19–21 optical

sections (acquired at the same depth in the tissue section) were collapsed in maximum-intensity projections using the ImageJ soft-

ware and a threshold was set for the resulting images, to establish a reproducible criterion. Microglia and neurons were identified

based on their morphology, size and positive immunostaining for the microglial marker (Iba1) and neuronal marker (NeuN), respec-

tively. A constant target region was considered for each experiment, spanning the cortical layer II–III and centered on the axis of the

injury site. ROIs encompassing the cellular soma (excluding the nucleus for neurons) were manually drawn for each cell in the target

region and the integrated average fluorescence intensity was logged. A minimum of 100 cells (layer II–III) from 3 distinct tissue sec-

tions from each of 3–5 mice were quantified. The median fluorescence intensity of phosphorylated receptors was computed. Micro-

glia morphology was quantified using ImageJ skeleton and fractal analysis procedures as mentioned in (Morrison et al., 2018).

For Integrin beta 3 intensity analysis, confocal stacks composed of 19–21 optical sections (acquired at the same depth in the tissue

section) were collapsed in maximum-intensity projections using the ImageJ software and a threshold was set for the resulting im-

ages, to establish a reproducible criterion. A target region was considered, spanning the cortical layer II–III and centered on the

axis of the injury site. Vessels were stained using a vascular marker (Collagen IV) and area was recorded for a minimum 20 vessels

of variable lengths in each section. After applying intensity threshold, positive area for Integrin beta 3 across these vessel lengths

were recorded and normalized to compute the percentage of positive area.

Statistical analysis
Statistical analysis was performed with the GraphPad Prism software suite. Mann-Whitney U-Test was used for two group compar-

isons, One-way ANOVA with Bonferroni Correction was performed among three groups and Two-way ANOVA with Tukey correction

was used for four group comparisons to examine statistical significance. Protein array analysis was performed using R software.

Boxplots display the 25–75 percentile interval (box contours), and the full range (whiskers); for histograms, average ±standard de-

viation is used. Whenever opportune, we present individual measures datapoints (black, small size) and average per animal (green,

large size). The statistical comparison is always performed using the number of animals as biological units; the individual datapoints

are depicted to illustrate the distribution of the raw data. Statistical significance was set at p < 0.05.

ADDITIONAL RESOURCES

Code used for array analysis: https://github.com/Rida-Rehman/PROTEAS.
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Figure S1. Neuronal survival and RTK phosphorylation over time post TBI. Related to 
Figure 1. 
 
 

 
 
 
 



 
Figure S1. Neuronal survival and RTK phosphorylation over time post TBI. Related to 
Figure 1. 
(A) Position of Region of Interest (ROI) in the imaged brain section to display injury core (c) 
and surrounding penumbra (p) in layer II/III. (B) Immunolabeling of neurons (NeuN, green) at 
sham, 3 hpi, 1 dpi, 3 dpi and 7 dpi to ascertain the impact elicited by weight-drop trauma 
model. (C) The histogram displayed the number of neurons significantly decreasing at 7DPI 
(D-G) Graphs displayed the expression pattern of individual proteins over time. (H) 
Comparison of RTK phosphorylation pattern between two different intensities of trauma. 
 
All graphs were represented as mean ± SD. In (B-C), n=4 for sham, 3 hpi, 3 dpi and 7 dpi. 
Dots, squares and triangles indicate the number of cells/section and four sections/animal. 
Significance of differences between means were analyzed using one-way ANOVA test with 
bonferroni correction. (*p<0.05, **p<0.05, ***p<0.0001). In (D-H), n=6 for sham, 1 dpi, 3 hpi 
low intensity, 3 dpi and 7 dpi and n=7 for 3 hpi high intensity. Significance for DE proteins was 
set at P<0.05 (FDR adjusted). Scale bars: 200µm and 300µm for (A) and (B), respectively. 
Statistical analysis is based on the number of animals per group. Detailed individual 
comparisons between respective groups and the overlapping phosphorylation pattern for the 
proteins shown in Data S1. 
 
  



Figure S2. Cell specific expression of pMet, pBtk and pVEGFR1. Related to Figure 2. 
 

 
 
 
 
Figure S2. Cell specific expression of pMet, pBtk and pVEGFR1. Related to Figure 2. 
(A-C) Immunostaining was performed to identify neuronal expression of (A) pMet, (B) pBtk 
and (C) pVEGFR1. No significant difference in pMet and pBtk levels was observed in 
neurons post trauma however pVEGFR1 levels were elevated in neurons after trauma. (D) 
Vascular co-staining showed no overlap between pMet, pBtk, but slight overlap in pVEGFR1 
expression. 
  



Figure S3 
 

 
 
Figure S3. Full scans of western blots data. Related to Figure 3B-D. 
  



Figure S4 
 

 
 
 
 
 
 



Figure S4. Met inhibitor administered post- trauma does not affect HGF induction but 
prevents the phagocytic and disease-related microglia phenotype. Related to figure 4. 
 
(A) At 3h post injury, single-molecule in situ hybridization showed that HGF mRNA levels 
were significantly increased in both neurons and microglia after trauma. These levels, 
however, remained unaffected by inhibitor treatment. Small black dots indicate intensity of 
individual cells, green square the average per mouse; statistical analysis was performed on 
the average per mouse. Note that the representative images here correspond to the images 
reported in Fig. 4E; in this experiment, in situ for C3 and HGF was performed with distinct 
probes, together with Iba1 and NeuN immunostaining. The same image is shown to highlight 
that cells with C3 expression also show HGF expression.  N=3/group, *p<0.05, **p<0.05, 
***p<0.0001. Scale bar: 10µm.  
(B-C) Microglia specific marker Tmem119 and disease associated Cd11c were co-
immunolabelled with Iba1 marker to explore microglia profile. No differences were observed 
in Tmem119+ Iba1+ cells among any group. At 3h post injury, Cd11c+Iba+ cells were 
increased and restored to normal levels after inhibitor treatment.  
(D-E) Co-immunostaining with phagocytic marker CD68 and proliferating marker KI-67 
showed significant increase in the Cd68+ Iba1+ cells after trauma and reduced after 
inhibiting Met. However, no differences were observed in Ki-67+Iba1+ cells across all 
groups. Boxplots represent the 25-75 percentile (whiskers represent range); small dots 
represent individual sections, large green dots the average per animal; statistical analysis is 
performed considering individual animals as the biological unit.  *p<0.05, **p<0.05, 
***p<0.0001. Scale bar: 300µm.  
  



Figure S5 Administration of the the Met inhibitor post-trauma still reduces microglial 
signaling and neuronal stress. Related to figure 5. 
 

 
 



Figure S5. Administration of the the Met inhibitor post-trauma still reduces microglial 
signaling and neuronal stress. Related to figure 5 
  
(A) Schematic outline of the experiment. Mice were subjected to TBI and either saline or Met 
inhibitor was administered after 30 mins and samples were collected at 3h post injury. (B-C) 
Immunostaining of pMet and pBtk showed significant upregulation in Iba1+ microglia cells 
post TBI and reduced upon inhibitor treatment. (D) The intensity levels of Hells were 
significantly upregulated 3h post trauma whereas reduced to baseline levels upon inhibitor 
treatment. Boxplots represent the 25-75 percentile (whiskers represent range); small dots 
represent individual sections, large green dots the average per animal; statistical analysis is 
performed considering individual animals as the biological unit. N=3/group, *p<0.05, 
**p<0.05, ***p<0.0001. Scale bars: 200µm 
 
 
  



Figure S6. Blockade of Met reduces microglial signaling and neuronal stress also in 
the Stab Wound Injury (SWI) model. Related to figure 5. 
 

 
Figures S6. Blockade of Met reduces microglial signaling and neuronal stress also in 
the Stab Wound Injury (SWI) model. Related to figure 5.  
(A-B) Immunostaining of pMet and pBtk showing significant upregulation in Iba1+ microglia 
cells post TBI and reduced upon inhibitor treatment 3h after SWI. (C) The intensity levels of 
Hells were significantly upregulated 3h post SWI whereas reduced to baseline levels upon 
inhibitor treatment. Boxplots represent the 25-75 percentile (whiskers represent range); 
small dots represent individual sections, large green dots the average per animal; statistical 
analysis is performed considering individual animals as the biological unit. N=3/group, 
*p<0.05, **p<0.05, ***p<0.0001. Scale bar: 250µm 
  



Figure S7. Met inhibitor elicits beneficial acute and longer-term effects on microglial 
morphology. Related to figure 6. 
 

 
 
 
 
 



Figure S7. Met inhibitor elicits beneficial acute and longer-term effects on microglial 
morphology. Related to figure 6. 
 
(A-B) The results showed failures in retrieval (underscoring digit control impairment) and 
grasping (underscoring the impairment in digit movements) among five treatment groups. No 
significant changes or patterns were observed among the groups. (C-D) Morphological 
changes in microglia showed increase in branch length and endpoints/cell upon single or 
multiple doses of Met inhibitor treatment displaying a ramified or arborized microglia 
morphology. 
All graphs were represented as mean ± SD. In (A-D), n=7 for Sal TBI, n=3 for Inh(Btk) TBI, 
n=4 for Inh(VEGFR) TBI and Inh(Met) TBI, and n=6 for MD Inh(Met) TBI. small dots 
represent individual sections, large green dots the average per animal; statistical analysis is 
performed considering individual animals as the biological unit by Two-way ANOVA with 
Tukey correction. (*P<0.05, **P<0.001, ***P<0.001, ****P<0.0001). Scale bar: 10µm  
  



Table S5. Clinico-demographic information of human patients (TBI and controls) for 
whom HGF levels were determined in CSF samples (Related to Figure 7). 
 
Data information Control 

group* 
Control 
group* 2 

D0 group longitudinal 
group 

N (M/F) 6 (2/4) 13 (7/6) 28 (21/7) 11 (7/4) 

Age (median, range) 71 (53-85) 32.5(25-40) 34.5 (21-55) 29 (23-42) 

Glasgow Coma Scale 
(median, range) 

N/A N/A 6 (3-9) 6 (3-7) 

Injury Severity Score 
(median, range) 

N/A N/A 34.5 (17-59) 43 (17-59) 

Glasgow Outcome Scale-
Extended (median, range)  

N/A N/A 4 (1-8) 4 (1-6) 

 
* non-TBI CSF samples were obtained from patients with normal pressure 
hydrocephalus control group 1 and younger patients with tension-type headache-
control group 2. 
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