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Thalamic pain, a type of central poststroke pain, frequently occurs following ischemia/hemorrhage
in the thalamus. Current treatment of this disorder is often ineffective, at least in part due to largely
unknown mechanisms that underlie thalamic pain genesis. Here, we report that hemorrhage caused
by microinjection of type IV collagenase or autologous whole blood into unilateral ventral posterior
lateral nucleus and ventral posterior medial nucleus of the thalamus increased the expression of
Fgr, a member of the Src family nonreceptor tyrosine kinases, at both mRNA and protein levels in
thalamic microglia. Pharmacological inhibition or genetic knockdown of thalamic Fgr attenuated the
hemorrhage-induced thalamic injury on the ipsilateral side and the development and maintenance
of mechanical, heat, and cold pain hypersensitivities on the contralateral side. Mechanistically, the
increased Fgr participated in hemorrhage-induced microglial activation and subsequent production
of TNF-a likely through activation of both NF-kB and ERK1/2 pathways in thalamic microglia. Our
findings suggest that Fgr is a key player in thalamic pain and a potential target for the therapeutic
management of this disorder.

Introduction

Central poststroke pain (CPSP), a chronic neuropathic pain syndrome, is often induced by damage and/or
dysfunction of the central nervous system following stroke. Approximately 8%—14% of stroke victims suf-
fer from CPSP, especially when a hemorrhagic stroke occurs in the thalamic area (1). Patients with CPSP
commonly experience long-term hyperalgesia, allodynia, spontaneous pain, and other sensory deficits, in
some cases for the rest of their lives. These pain hypersensitivities impair the patients’ daily activities, con-
sequently undermining their quality of life and rehabilitation process (2, 3). Persistent CPSP and associated
dysfunction (e.g., loss of sleep, social interaction, and ability to work) also lead to further mental health
disorders, in particular depression and anxiety (4). However, current treatment for CPSP is very limited
(5, 6). A systematic review of randomized controlled trials showed that opioids, antidepressants, and anti-
convulsants not only had minimal or no effect on CPSP relief but also led to numerous troublesome side
effects (7). Thus, understanding the mechanisms underlying CPSP may open a new avenue for therapeutic
management of this disorder.

Accumulating evidence has revealed that direct ischemic or hemorrhagic injury to the brain leads to
robust central inflammatory responses involving the resident immunologically active glial cells (8). In a
mouse model of CPSP induced by injecting collagenase into the ventral posterior lateral nucleus (VPL) of
the thalamus, prolonged microglial activation helped maintain mechanical allodynia and heat hyperalge-
sia, as intraperitoneal injection of minocycline, a microglial inhibitor, markedly ameliorated neuropathic
pain-like behaviors (9). Microglial depletion effectively prevents mechanical allodynia caused by thalamic
hemorrhage (10). Glial activation lasting for at least 3 months was also noted in adjacent areas following
collagenase injection into the thalamic VPL of rhesus macaques, a primate model more directly compara-
ble to humans (11). Microglia-mediated inflammatory cascades following stroke thus likely contribute to
the genesis and maintenance of CPSP. However, the detailed mechanisms of how microglia participate in
CPSP are still incompletely understood.
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Fgr, a member of the Src family nonreceptor tyrosine kinases (12), plays an important role in pathological
inflammatory responses (13, 14). Whether Fgr contributes to CPSP, and thalamic pain in particular, remains
unknown. In the present study, we first established whether the expression of Fgr at mRNA and protein lev-
els was altered in the thalamus in a well-characterized mouse model of hemorrhage-induced thalamic pain
induced by microinjection of type IV collagenase (Coll IV) or autologous whole blood into unilateral ventral
posterior medial nucleus (VPM) and VPL of murine thalami (15, 16). We then examined whether pharmaco-
logical inhibition or genetic knockdown of thalamic Fgr affected hemorrhage-induced pain hypersensitivities.
Finally, we elucidated how Fgr participated in hemorrhage-induced thalamic pain responses.

Results

Thalamic Fgr is increased after local hemorrhage. To demonstrate the role of Fgr in hemorrhage-induced tha-
lamic pain, we first examined the expression of Fgr in the thalamus after microinjection of Coll IV into
thalamic VPM and VPL in mice, a preclinical animal model that mimics hemorrhage-induced thalamic
pain in clinic cases (16). Consistent with previous studies (16, 17), unilateral microinjection of Coll IV, but
not saline, led to robust and long-lasting mechanical allodynia demonstrated by marked increases in paw
withdrawal frequencies in response to 0.07 g and 0.4 g von Frey filaments (Supplemental Figure 1, A and B;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.139987DS1)
and heat hyperalgesia and cold hyperalgesia evidenced by significant decreases in paw withdrawal latencies
to heat (Supplemental Figure 1C) and cold (Supplemental Figure 1D) stimuli, respectively, on the contra-
lateral side. These pain hypersensitivities occurred 1 day after microinjection and lasted for at least 14 days
(Supplemental Figure 1, A-D). As expected, there were no significant changes in basal paw withdrawal
responses on the ipsilateral side (Supplemental Figure 1, A-D).

Thalamic Fgr protein expression after Coll IV microinjection was then examined. Unilateral
microinjection of Coll IV persistently increased the expression of Fgr mRNA and its coded Fgr pro-
tein in the thalamus on the ipsilateral, but not the contralateral, side (Figure 1, A—E). The levels of
Fgr mRNA in the ipsilateral thalamus were increased by 3.8-, 4.5-, 4.2-, and 4.1-fold on days 1, 3, 7,
and 14 after Coll IV microinjection, respectively, compared with those after saline microinjection at
the corresponding time points (Figure 1A). The amount of Fgr protein in the ipsilateral thalamus was
increased by 1.9-, 2.0-, 1.9-, and 2.0-fold on days 1, 3, 7, and 14 after Coll IV microinjection, respec-
tively, as compared with the corresponding time points in the contralateral thalamus (Figure 1, B and
C). As expected, saline microinjection did not alter basal levels of Fgr mRNA or Fgr protein in the
thalamus on either side during the observation period (Figure 1, A, D, and E). Consistently, Fgr-la-
beled immunoreactivities were very weak or undetectable in naive mice or the saline-microinjected
group (Figure 1F). Coll IV microinjection robustly increased the density of Fgr-labeled immunoreac-
tivities in the ipsilateral thalamus on day 7 by 35-fold as compared with the corresponding saline-mi-
croinjected group (Figure 1, F and G). These increases occurred in the regions around/adjacent to
the core of hemorrhagic lesions in thalamic VPM and VPL (Supplemental Figure 2). Results were
similar after microinjection of autologous whole blood into thalamic VPM and VPL (Figure 1, H-J),
another preclinical animal model of hemorrhage (15, 16). The levels of Fgr protein and the density of
Fgr-labeled immunoreactivities in the ipsilateral thalamus were increased by 2.2-fold (Figure 1H) and
31-fold (Figure 1, I and J), respectively, on day 3 after whole blood microinjection as compared with
the saline microinjection. A double labeling assay showed that the majority of Fgr-labeled immuno-
reactivities overlapped with immunoreactivities labeled by ionized calcium-binding adapter molecule
1 (Ibal) (a marker for microglia) and few with immunoreactivities labeled by glial fibrillary acidic
protein (GFAP) (a marker for astrocytes), CD68 (a marker for microphages), or NeuN (a marker for
neurons) in thalamic cells 7 days after Coll IV microinjection (Figure 1K and Supplemental Figure 3).
This finding indicates that increased Fgr is expressed predominantly in thalamic microglia.

Pharmacological inhibition of Fgr attenuates hemorrhage-induced thalamic pain genesis and maintenance. We
further examined whether the increased thalamic Fgr participated in hemorrhage-induced thalamic pain
genesis. TL02-59 (1, 10, or 15 mg/kg; dissolved in 90% saline, 5% solutol HS-15 and 5% N-methyl-2-pyr-
rolidone), a selective inhibitor of Fgr (18), as well as vehicle (5% solutol HS-15 and 5% N-methyl-2-pyrro-
lidone), were administered through the tail vein 30 minutes before microinjection of Coll IV or saline and
once daily for 3 days thereafter. Behavioral tests were carried out 1 day before Coll IV/saline microinjection
and 30 minutes post-TL02-59/vehicle administration on days 1 and 3 after Coll IV/saline microinjection.
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Figure 1. Thalamic Fgr was increased in both collagenase IV- and autologous blood-induced thalamic pain models. (A) Level of Fgr mRNA in the ipsi-
lateral thalamus at different days after microinjection of Coll IV or saline. n = 3 biological repeats/group/time point. **P < 0.01 versus the corresponding
control group (day 0) by 2-way ANOVA with repeated measures followed by post hoc Tukey's test. (B-E) Amounts of Fgr protein in the ipsilateral (Ipsi) and
contralateral (Contral) thalamus at different days after microinjection of Coll IV (B and C) or saline (D and E). Representative Western blots (B and D). Sta-
tistical summary of the densitometric analysis (C and E). n = 3 biological repeats/group/time point. *P < 0.05 versus the corresponding control group (day
0) by 2-way ANOVA with repeated measures followed by post hoc Tukey's test. (F and G) Fgr immunofluorescence stainings of the ipsilateral thalamus on
day 7 postmicroinjection of Coll IV or saline. Representative immunofluorescence stainings. Scale bar: 100 um (F). Statistical summary of the densitomet-
ric analysis (G). n = 3 biological repeats/group. **P < 0.01 versus the saline group by 2-tailed unpaired Student's t test. (H) The level of Fgr protein in the
ipsilateral thalamus on day 3 postmicroinjection of autologous blood or saline. Representative Western blots (top). Statistical summary of the densito-
metric analysis (bottom). n = 3 biological repeats/group. **P < 0.01 versus the saline group by 2-tailed unpaired Student’s t test. (I and ) Fgr immunoflu-
orescence stainings in the ipsilateral thalamus on day 3 postmicroinjection of autologous blood or saline. Representative immunoflourescence stainings.
Scale bar: 100 pm (1). A statistical summary of the densitometric analysis (). n = 3 biological repeats/group. **P < 0.01 versus the saline group by 2-tailed
unpaired Student'’s t test. (K) Fgr is colocalized with Iba1, but not GFAP, in the ipsilateral thalamus on day 3 after microinjection of Coll IV. Representative
samples of n = 3 biological repeats. Scale bar: 100 um.

As expected, mechanical allodynia, heat hyperalgesia, and cold hyperalgesia were seen on the contralateral
(but not ipsilateral) side of the vehicle plus Coll IV-treated group on days 1 and 3 post—Coll IV microinjec-
tion (Figure 2, A-G). These pain hypersensitivities were significantly attenuated in the Coll IV-microin-
jected mice with systemic administration of TL02-59 at 15 mg/kg (Figure 2, A-D). These effects were dose
dependent (Figure 3, A-D). TL02-59 at these doses did not alter basal paw withdrawal frequencies and
latencies on the ipsilateral side of the TL02-59 plus Coll IV-treated group (Figure 2, E-G; Figure 3, E-G)
and on both contralateral (Figure 2, A-D) and ipsilateral (Figure 2, E-G) sides of the TL02-59 plus saline—
treated group during the observation period. As expected, vehicle administration did not affect basal paw
withdrawal responses on either side in the saline-treated mice (Figure 2, A—G). The treated mice displayed
normal locomotor activity (Table 1).

The role of thalamic Fgr in hemorrhage-induced thalamic pain maintenance was observed. TL02-59 (15
mg/kg) and vehicle were administered through the tail vein 1 day after microinjection of Coll IV and once dai-
ly for 5 days. At 1 day post—-Coll IV microinjection, mechanical allodynia, heat hyperalgesia, and cold hyper-
algesia were robustly developed (Figure 2, Figure 3, and Figure 4). Systemic postadministration of TL02-59 at
the dose used significantly blocked these pain hypersensitivities on days 3 and 5 post—Coll IV microinjection on
the contralateral side (Figure 4, A-D). As expected, mechanical allodynia, heat hyperalgesia, and cold hyperal-
gesia were still seen on days 3 and 5 post—Coll IV microinjection in the vehicle-treated group (Figure 4, A-D).
Neither vehicle nor TL02-59 altered basal paw withdrawal responses on the ipsilateral side (Figure 4, A-D).

We also examined whether systemic administration of TL02-59 improved Coll IV microinjection—
induced thalamic injury. After behavioral tests, brain tissues were collected for Nissl staining. As shown
in Figure 5, A and B, numerous Nissl-stained cells were observed in the ipsilateral VPL and VPM of the
saline plus vehicle— or TL02-59-treated groups. Few Nissl-stained cells were seen in the ipsilateral VPL
and VPM of the Coll IV plus vehicle-treated group (Figure 5, A and B). Compared with the Coll IV
plus vehicle—treated group, the number of Nissl-stained cells detected was significantly increased in the
ipsilateral VPL and VPM of the Coll IV plus TL02-59 treatment group, although it was still markedly
lower than that in the saline-treated groups (Figure 5, A and B). Most of these Nissl-stained cells were
positive for Ibal, with a few positive for GFAP and CD68 and none for NeuN (Supplemental Figure 4).
In addition, there were visible differences in the areas of tissue damages between the Coll IV plus vehi-
cle—treated group and the Coll IV plus TL02-59—treated group (Figure 5A). As expected, there were no
profound changes in number of Nissl-stained cells in the contralateral VPL and VPM among the treated
groups (Supplemental Figure 5, A and B).

Similar behavioral response and thalamic injury attenuation were seen after systemic administration of
TL02-59 via tail vein injection in the autologous whole-blood microinjection-induced thalamic pain model
(Figure 6, A—G; Supplemental Figure 6, A and B; Supplemental Figure 7, A and B; Table 1).

Knocking down thalamic Fgr attenuates the hemorrhage-induced thalamic pain genesis. An important limitation of
systemic administration of TL02-59 is the lack of anatomical and pharmacological specificity. To further con-
firm the role of thalamic Fgr in hemorrhage-induced thalamic pain, we knocked down thalamic Fgr through
microinjection of Fgr siRNA into the VPL and VPM of unilateral thalamus 4 days before ipsilateral microin-
jection of Coll IV or saline into the same regions. Fgr scrambled siRNA was used as a negative control. Consis-
tent with the observations above, Coll IV microinjection produced significant increases in paw withdrawal fre-
quencies to 0.07 g and 0.4 g von Frey filament stimuli and reductions in paw withdrawal latencies to heat and
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Figure 2. Effect of systemic tail vein administration of TL02-59 on Coll IV microinjection-induced thalamic pain development. TL02-59 (15 mg/kg)
or vehicle was given 30 minutes before Coll IV or saline microinjection and once daily post-Coll IV or saline microinjection. Effect of systemic pre-
administration of TL02-59 or vehicle on paw withdrawal frequencies to 0.07 g (A and E) and 0.4 g (B and F) von Frey filaments and paw withdrawal

latencies to heat (C and G) and col
eral (E-G) sides. n = 8 mice/group.

d (D) stimuli on days 1and 3 after thalamic microinjection of Coll IV or saline on the contralateral (A-D) and ipsilat-
Two-way ANOVA with repeated measures followed by post hoc Tukey’s test. **P < 0.01 versus the corresponding

baseline (day -1). #*P < 0.01 versus the Coll IV plus vehicle group at the corresponding days.

cold stimuli at days 1, 3, and 5 post—Coll IV microinjection on the contralateral side in Fgr scrambled siRNA—
pretreated mice (Figure 7, A-D). However, the Coll IV mice premicroinjected with Fgr siRNA exhibited atten-
uation of the contralaterally increased paw withdrawal responses to 0.07 g and 0.4 g von Frey filament stimuli
and of the contralaterally reduced paw withdrawal latencies to heat and cold stimuli at days 1 to 5 post—Coll IV
microinjection as compared with the Fgr scrambled siRNA-microinjected Coll IV mice at the corresponding
time points (Figure 7, A-D). Neither siRNA affected locomotor function (Table 1) and basal paw withdrawal
responses to mechanical, heat, and cold stimuli on the ipsilateral side of Coll IV mice (Figure 7, E-G) or on
the contralateral and ipsilateral sides of saline-injected controls (Figure 7, A—G) during the observation period.
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Figure 3. Dose-dependent effect of systemic tail vein administration of TL02-59 on Coll IV microinjection-induced thalamic pain development. Effect
of systemic preadministration of TL02-59 (0 [vehicle], 1, 10, and 15 mg/kg) on paw withdrawal frequencies to 0.07 g (A and E) and 0.4 g (B and F) von Frey
filaments and paw withdrawal latencies to heat (C and G) and cold (D) stimuli on days 1and 3 after thalamic microinjection of Coll IV on the contralateral
(A-D) and ipsilateral (E-G) sides. n = 8 mice/group. Two-way ANOVA with repeated measures followed by post hoc Tukey's test. **P < 0.01 versus the Coll
IV plus vehicle group at the corresponding days.
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After behavior testing we harvested the ipsilateral thalami on day 5 post—Coll IV/saline microinjec-
tion and first assessed the expression of Fgr in the thalamus. As expected, the amount of Fgr protein was
increased by 1.7-fold in the ipsilateral thalamus of the Fgr scrambled siRNA-treated Coll IV mice as com-
pared with the Fgr scrambled siRNA-treated saline mice (Figure 7, H and I). This increase was not seen
in the Coll IV—-treated mice premicroinjected with Fgr siRNA (Figure 7, H and I). The level of Fgr protein
in the ipsilateral thalamus of the Fgr siRNA-microinjected Coll IV mice was decreased by 29% compared
with the Fgr scrambled siRNA-microinjected Coll IV mice. Lyn and Src are another 2 members of the Src
family nonreceptor tyrosine kinases (12). Although Coll IV microinjection also increased the expression of
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Table 1. Locomotor function

Treatment group Placing Grasping Righting
Saline + Vehicle 5(0) 5(0) 5(0)
Coll IV + Vehicle 5(0) 5(0) 5(0)
Coll IV + TLO2-59 5(0) 5(0) 5(0)
Saline + TLO2-59 5(0) 5(0) 5(0)
Saline + Scramble 5(0) 5(0) 5(0)
Coll IV + Scramble 5(0) 5(0) 5(0)
Coll IV + siRNA 5(0) 5(0) 5(0)
Saline + siRNA 5(0) 5(0) 5(0)
Saline + Vehicle 5(0) 5(0) 5(0)
Blood + Vehicle 5(0) 5(0) 5(0)
Blood + TL02-59 5(0) 5(0) 5(0)
Saline + TL02-59 5(0) 5(0) 5(0)

n = 8 mice per group; 5 trials; mean (SD).

Lyn (but not Src) in the thalamus of the Fgr scrambled siRNA—treated mice (Figure 7, H and I), thalamic
premicroinjection of Fgr siRNA did not affect the expression of the increased Lyn and basal Src in the
ipsilateral thalamus of the Coll IV mice (Figure 7, H and I). In addition, thalamic microinjection of neither
siRNA altered basal expression of Fgr in the contralateral thalamus (Figure 7J).

We also carried out the Nissl staining after behavioral tests and examined whether Fgr siRNA microin-
jection improved thalamic Coll IV-induced hemorrhagic injury. As expected, few Nissl-stained cells were
observed in the ipsilateral thalamic VPL and VPM of the Fgr scrambled siRNA-treated Coll IV mice,
whereas numerous Nissl-stained cells were seen in the same regions of the Fgr scrambled siRNA- or Fgr
siRNA-treated saline mice (Supplemental Figure 8, A and B). Compared with the Fgr scrambled siRNA—
treated Coll IV mice, the number of Nissl-stained cells was markedly increased in the ipsilateral thalamic
VPL and VPM of the Coll IV mice premicroinjected with Fgr siRNA, although it was still significantly
lower than that in the Fgr scrambled siRNA—treated saline mice (Supplemental Figure 8, A and B). Interest-
ingly, there were no visible differences in the areas of tissue damage between the scrambled siRNA-treat-
ed and Fgr siRNA-treated Coll IV mice (Supplemental Figure 8A). As expected, neither siRNA altered
number of Nissl-stained cells in the contralateral VPL and VPM among the treated groups (Supplemental
Figure 9, A and B).

Hemorrhage-induced increase in Fgr activates NF-xB and ERK1/2 pathways in thalamic microglia. Finally, we
explored how the increased Fgr contributed to hemorrhage-induced thalamic pain genesis. Consistent with
previous observations (9, 10, 19), Coll IV microinjection led to the activation of microglia and astrocytes
as evidenced by significant increases in the levels of Ibal and GFAP, respectively, in the ipsilateral thalami
of Fgr scrambled siRNA-treated mice on day 5 post—Coll IV microinjection (Figure 8A). The increased
expression of Ibal, but not of GFAP, was attenuated by thalamic premicroinjection of Fgr siRNA in the
Coll IV-treated mice (Figure 8A). Moreover, Coll IV microinjection activated NF-kB and ERK pathways
as documented by the increased amounts of phosphorylated p65 (p-p65), a key member of NF-«kB family
(20, 21), in the nuclear fraction and of phosphorylated ERK1/2 (p-ERK1/2) in the total cellular fraction,
respectively, in the ipsilateral thalami of Fgr scrambled siRNA—-treated mice on day 5 post—Coll IV micro-
injection (Figure 8, B and C). These increases were significantly inhibited by thalamic premicroinjection
of Fgr siRNA in the Coll IV—treated mice (Figure 8, B and C). As expected, Coll IV microinjection did
not alter basal expression of p65 in the nuclear fraction and basal expression of p65 and ERK1/2 in the
total cellular fraction from the ipsilateral thalami of the Fgr scrambled siRNA-treated mice (Figure 8§,
B-D). Interestingly, the level of TNF-o in the total cellular fraction from the ipsilateral thalamus of Fgr
scrambled siRNA mice on day 5 post—Coll IV microinjection was increased by 2.6-fold as compared with
the corresponding Fgr scrambled siRNA—treated saline mice (Figure 8, B-D). Thalamic premicroinjection
of Fgr siRNA almost entirely abolished this increase on day 5 post—Coll IV microinjection (Figure 8D).
Similar expression patterns of Ibal, GFAP, p-p65, p65, p-ERK1/2, ERK1/2, and TNF-a in the ipsilateral
thalami were seen after systemic preadministration of TL02-59 via tail vein injection in the autologous
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Figure 4. Effect of systemic tail vein administration of TL02-59 on Coll IV microinjection-induced thalamic pain
maintenance. TL02-59 (15 mg/kg) or vehicle was given 1day after Coll IV microinjection and once daily post-Coll IV
microinjection for 5 days. Effect of systemic preadministration of TL02-59 or vehicle on paw withdrawal frequencies to
0.07 g (A) and 0.4 g (B) von Frey filaments and paw withdrawal latencies to heat (C) and cold (D) stimuli on days 3 and
5 after thalamic microinjection of Coll IV on the contralateral and ipsilateral sides. n = 8 mice/group. Two-way ANOVA
with repeated measures followed by post hoc Tukey's test. **P < 0.01 versus the corresponding baseline (day -1). #P <
0.01versus the Coll IV plus vehicle group at the corresponding days.

whole blood microinjection—induced thalamic pain model (Figure 9, A-D). Triple immunohistochemical
staining showed that Ibal-labeled immunoreactivities overlapped with immunoreactivities labeled by p65
and Fgr, TNF-o and Fgr, or ERK1/2 and Fgr in the regions adjacent to the core of hemorrhagic lesions in
the thalamus on day 5 post—Coll IV microinjection (Figure 10). In addition, Fgr-labeled immunoreactivities
overlapped with immunoreactivities labeled by p65 and TNF-a in this region (Figure 10).

Discussion
Microinjection of either Coll IV or autologous whole blood into unilateral VPL and VPM regions of murine
thalami leads to long-lasting pain hypersensitivities, including mechanical allodynia, heat hyperalgesia, and
cold hyperalgesia on the contralateral side, which mimics thalamic pain caused by a hemorrhagic stroke in
humans (15-17, 22). Understanding the mechanisms of how this pain hypersensitivity genesis occurs may
allow the development of novel therapeutic treatments for thalamic pain. Although several studies on hem-
orrhage-induced thalamic pain have been carried out during the past decades (23, 24), the detailed mecha-
nisms remain elusive. In this study, we found that thalamic microinjection of Coll IV or autologous whole
blood produced an increase in Fgr expression at both mRNA and protein levels in the ipsilateral thalamus
and that this increase contributed to Coll IV— or autologous whole blood—induced induction and mainte-
nance of pain hypersensitivity likely through the NF-kB- and ERK1/2-triggered production of TNF-a in
thalamic microglia. Our findings suggest that Fgr is a key player in hemorrhage-induced thalamic pain.
Fgris 1 of at least 9 members of the Src-family nonreceptor tyrosine kinases (SFKs). At least 6 SFK
members, Src, Fyn, Lck, Yes, Yrk, and Lyn, are ubiquitously expressed in the central nervous system,
whereas Fgr, Blk, and Hck are only expressed in specific tissues (25). These kinases participate in regulating
cell growth, proliferation, metabolism, differentiation, and migration (25, 26). Src and Fyn have also been
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implicated in neuronal development and synaptic plasticity (27, 28). More importantly, Src, Fyn, and Lyn
are each essential for the development of chronic pain caused by complete Freund’s adjuvant injection,
peripheral nerve injury, streptozotocin injection, and bone metastasis (27-29). However, whether and how
Fgr contributes to chronic pain have not been reported previously to our knowledge.

The Fgr gene in the thalamus can be activated at the transcriptional level in response to hemorrhagic
stroke. The present study showed that the level of Fgr expression was rather low in naive thalami, as Fgr
immunostaining was very weak or undetectable in the thalamus under normal conditions. However, after
Coll IV or autologous blood was microinjected into the thalamus, the amounts of Fgr mRNA and Fgr pro-
tein were markedly and persistently increased in the ipsilateral, but not the contralateral, thalamic nuclei.
By double-labeled immunostaining, this increase was demonstrated to occur predominantly in thalamic
microglia. How the Fgr gene is activated following hemorrhagic stroke is still unknown. Potential mecha-
nisms, including changes in epigenetic modifications and increases in transcription factor expression and/
or mRNA stability that may lead to an elevation of Fgr mRNA following a hemorrhagic stroke, cannot be
ruled out and remain open to further investigation.

The contribution of the increased thalamic Fgr to Coll IV- or autologous blood—-induced pain
hypersensitivity was demonstrated in the present study, not only by pharmacological Fgr inhibition
through systemic tail vein administration of the specific Fgr inhibitor TL02-59 but also by blocking the
increased Fgr through microinjection of FgrsiRNA into the ipsilateral thalamus. Pharmacological effects
were dose dependent. Because the hemorrhage causes dysfunction or disruption of the blood-brain
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Figure 6. Effect of systemic tail vein administration of TL02-59 on autologous blood microinjection-induced thalamic pain genesis. TL02-59 or vehicle
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mice/group. Two-way ANOVA with repeated measures followed by post hoc Tukey's test. **P < 0.01 versus the corresponding baseline (day -1). **P < 0.01
versus the autologous blood plus vehicle group at the corresponding days.
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barrier (30-32), systemic administration of TL02-59 likely acts on thalamic microglia directly. Nerve-
less, its effect on circulating immune cells (e.g., monocytes) could not be excluded. Consistently, the
damage to thalamic cells caused by microinjection of Coll IV or autologous blood was also reduced, as
many Nissl-stained cells were detected in the VPL and VPM, after pretreatment with systemic TL02-59
or thalamic premicroinjection of Fgr siRNA. We further identified that most of these Nissl-stained

cells were microglia, with a few astrocytes and microphages and no neurons. These data suggest that
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siRNA (160 uM, 0.5 pL) or control scrambled siRNA (160 uM, 0.5 L) into the VPL and VPM of the unilateral thalamus 4 days before Coll IV or saline micro-
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Fgr inhibition or knockdown predominantly protects microglia from the Coll IV—/autologous blood—
induced glial damage in the VPL and VPM. This selective protection may be related to main expres-
sion of Fgr in thalamic microglia. We found that Fgr siRNA’s effects were less strong than systemic
TL02-59’s effects. This may be due to microinjection of a small limited volume (0.5 pL) of siRNA into
thalamus, resulting in partial thalamic microglia being targeted. It should be noted that both systemic
administration of TL02-59 and thalamic microinjection of Fgr siRNA profoundly attenuated, not abol-
ished, Coll IV- or autologous blood—induced pain hypersensitivities and thalamic cell damage. These
partial effects may be related to multiple mechanisms contributing to the development of hemorrhagic
stroke—induced thalamic pain. The present study also revealed that the thalamic expression of Lyn,
but not Src, was increased after thalamic microinjection of Coll IV. This kinase thus likely partici-
pates in thalamic pain development and maintenance, but this needs to be verified in future research.
In addition, increased synaptic glutamate release and subsequently excessive activation of excitatory
postsynaptic glutamate receptors (e.g., NMDA receptors) and extreme Ca?* influx into thalamic cells
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Figure 8. Effect of thalamic microinjection of Fgr siRNA on Coll IV microinjection-induced thalamic activation

of NF-kB and ERK1/2 pathways and production of TNF-a. Expression of Ibal and GFAP in the cytoplasmic fraction
(A), expression of phosphorylated p65 (p-p65) and p-65 in the nuclear fraction (B), expression of phosphorylated
ERK1/2 (p-ERK1/2) and ERK1/2 in the cytoplasmic fraction (C), and expression of p65 (total-p65) and TNF-a. in the
total cellular fraction (D) from the ipsilateral thalamus of the treatment groups on day 5 after thalamic microinjec-
tion of collagenase type IV (Coll IV) or saline. Top: representative Western blots. Bottom: statistical summary of the
densitometric analysis. n = 3 biological repeats/group. Two-way ANOVA with repeated measures followed by post
hoc Tukey's test. **P < 0.01 versus the corresponding saline plus scrambled siRNA-treated group. #P < 0.05, ##P <
0.01 versus the corresponding Coll IV plus scrambled siRNA-treated group.

through these receptors following thalamic hemorrhage have been proposed to exacerbate the infarction
and be involved in thalamic pain genesis (16, 33). Therefore, combined strategies that target different
mechanisms underlying thalamic pain may produce great benefits in the management of this disorder.
The production of TNF-a triggered via the activations of both NF-kB and ERK1/2 pathways in tha-
lamic microglia may mediate the role of the increased Fgr in hemorrhage-induced thalamic pain. Prolonged
microglial activation is implicated in thalamic pain development because microglial inhibition or depletion
ameliorates pain hypersensitivities caused by thalamic microinjection of Coll IV (9, 10). The chemokines
and cytokines released from microglia are involved in hemorrhage-induced thalamic pain (34). However,
how thalamic microglia are activated and triggered to release these chemokines and cytokines following
hemorrhagic stroke is unclear. We revealed that pharmacological inhibition or genetic knockdown of the
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Figure 9. Effect of systemic tail vein administration of TL02-59 on autologous blood microinjection-induced thalam-
ic activation of NF-xB and ERK1/2 pathways and production of TNF-a. Expression of Ibaland GFAP in the cytoplas-
mic fraction (A), expression of p-p65 and p-65 in the nuclear fraction (B), expression of p-ERK1/2 and ERK1/2 in the
cytoplasmic fraction (C) and expression of p65 (total-p65) and TNF-o in the total cellular fraction (D) from the ipsilat-
eral thalamus of the different treatment groups on day 3 after thalamic microinjection of autologous blood or saline.
Top: representative Western blots. Bottom: statistical summary of the densitometric analysis. n = 3 biological repeats/
group. Two-way ANOVA with repeated measures followed by post hoc Tukey's test. **P < 0.01 versus the corresponding
saline plus vehicle-treated group. ##P < 0.01 versus the corresponding autologous blood plus vehicle-treated group.

increased Fgr blocked the Coll IV- and autologous blood—induced increases in the level of Ibal, but not
GFAP, in the thalamus. This indicates that activation of microglia, but not astrocytes, may be dependent on
increased thalamic Fgr. The present study also revealed that blocking thalamic Fgr attenuated the Coll IV—
and autologous blood—-induced increase in thalamic TNF-a. TNF-a, a proinflammatory cytokine, may be
induced via activation of NF-xB and ERK1/2 pathways following exposure to immune stimulants including
bacterial endotoxin lipopolysaccharide (35) and is a trigger of peripheral neuropathic pain (36). NF-«B,
a nuclear transcription factor, controls numerous genes encoding inflammatory cytokines and nociceptive
mediators and plays a key role in the genesis of peripheral neuropathic pain (20, 37). ERK1/2 also activates
several transcription factors, regulates gene transcription and translation, and participates in the production
of cytokines under peripheral neuropathic pain conditions (38, 39). Given that Fgr was coexpressed with
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Figure 10. Coexpression of Fgr with p65, TNF-a, or ERK1/2 and coexpression of p65 with TNF-o in microglia of hemor-
rhagic thalami. Triple immunofluorescence staining showing coexpression of Ibal with p-65 and Fgr, with TNF-o and Fgr,
and with ERK1/2 and Fgr as well as of Fgr with p65 and TNF-a in the regions adjacent to the core of thalamic hemorrhagic
injury on day 5 post-Coll IV microinjection. Representative images from 3 biological repeats (n = 3 mice). Scale bar: 100 um.

p65, ERK1/2, and TNF-a, and that p65 was also coexpressed with TNF-o in thalamic microglia under
hemorrhagic stroke conditions, Fgr likely participates in the hemorrhage-induced microglial activation and
subsequent production of TNF-o via the activation of both NF-«xB and ERK1/2 pathways. Indeed, the
present study demonstrated that thalamic microinjection of Coll IV or autologous blood increased the levels
of p—NF-kB subunit p-p65 (activated form) in the nucleus and the amount of p-ERK1/2 (activated form)
in the cytoplasm of thalamic cells and that these increases were markedly attenuated by pharmacological
inhibition or genetic knockdown of thalamic Fgr. These data suggest that the increased Fgr is involved in the
activation of both NF-kB and ERK1/2 pathways and subsequent production of TNF-a in the hemorrhagic
thalamus, although the detailed mechanisms are still unknown. Whether other cytokines (e.g., IL-18 and
nitric oxide) as well as chemokines induced by the activated NF-kB and ERK1/2 pathways mediate the role
of Fgr in hemorrhage-induced thalamic pain is unknown and open to further study.

In conclusion, the present study, for the first time to our knowledge provides evidence that pharmacolog-
ical inhibition or genetic knockdown of thalamic hemorrhage-induced increases in Fgr alleviates thalamic
pain without changing basal or acute nociceptive responses and locomotor function. Fgr may be a promising
therapeutic target in the clinical management of hemorrhage-induced thalamic pain. However, it is worth
noting that Fgr may also be expressed in other tissues and involved in other physiological and pathological
functions. Thus, careful attention should be paid to potentially unwanted effects caused by Fgr inhibitors.

Methods

Animal preparations. CD1 male mice (about 7-8 weeks) were purchased from Charles River Laboratories.
All mice were housed in animal facilities maintaining a standard 12-hour light/12-hour dark cycle, with
free access to standard laboratory water and food particles. All efforts were made to minimize the suffering
of animals and reduce the number of animals used. To minimize intra- and interindividual variability in
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behavioral outcome measurements, animals were acclimated for 1-2 days before behavioral testing. The
experimenters/observers were blinded to treatment conditions.

Hemorrhage-induced thalamic pain model. Mice were anesthetized with isoflurane (5% induction, 2% main-
tenance) and placed in a stereotactic framework. Under stereotactic guidance, animals were microinjected
with 10 nL Coll IV (MilliporeSigma Co.; 0.01 U, dissolved in saline) (16) or fresh autologous blood (15 pL,
taken from a tail vein at the same time) (40) into the VPM and VPL of unilateral thalamus (anterior-posteri-
or-anterior-fontanel 0.82-2.30 mm: posterior 1.30-1.95 mm on the lateral side of the midline, and 3.01-4.25
mm on the ventral side of the skull surface). In the sham-operated group, an equal volume of sterile saline was
injected instead. After microinjection, the glass micropipette was kept in position for 10 minutes before it was
slowly removed. The surgical area was irrigated with sterile saline and iodophor and closed with a wound clip.

siRNA preparation and microinjection. Fgr siRNA (catalog number: 4457298; Thermo Fisher Scientific
Inc.) and negative control scrambled siRNA (catalog number: 4457287; Thermo Fisher Scientific Inc.) were
prepared as described previously (41-43). Briefly, 2 puL of siRNA (160 pM) was first diluted with 1 pL of
20% glucose solution (in distilled H,0). After gentle mixing, 1 uL. of TurboFect in vivo transfection reagent
(Thermo Fisher Scientific Inc.) was added. After incubating for 15-20 minutes at room temperature, 0.5 pL
of the diluted siRNA solution was microinjected into the ipsilateral VPM and VPL of the thalami in the
same manner as the Coll IV microinjection described above.

Behavioral tests. Mechanical tests were performed as described previously (44). In brief, each mouse
was placed in a Plexiglas chamber on an elevated screen and habituated for 30 minutes. Two calibrated
von Frey filaments (0.07 and 0.4 g; Stoelting Co.) were used to stimulate the hind paw for 1-2 seconds, and
stimulation was repeated 10 times at 5-minute intervals between the 2 hind paws. A quick paw withdrawal
was considered a positive response. Paw withdrawal response for each of these 10 times was counted as a
percentage of response frequency: (number of paw withdrawals/10 trials) x 100%.

Thermal tests were then carried out 1 hour later as reported previously (44—46). Briefly, the model 336
Analgesia Meter (IITC Inc.) was used to measure paw withdrawal latency in response to heat. Each mouse
was placed in a Plexiglas chamber on a glass plate. A beam of light emitted from the light box was applied
to the middle of the plantar surface of each hind paw. A rapid lift of the paw turned off the light. The dura-
tion of the beam was defined as the paw withdrawal latency. For each side, 5 trials were conducted with
intervals of 5 minutes. A cutoff time of 20 seconds was used to avoid tissue damage.

Finally, the measurement of paw withdrawal latency to noxious cold (0°C) was performed as described
previously (44-46). In brief, each mouse was placed in a Plexiglas chamber on a cold aluminum plate with
continuous temperature monitoring by a thermometer. Time to mouse jumping was defined as the paw
withdrawal latency. Each trial was repeated 3 times at 10-minute intervals. A cutoff time of 20 seconds was
used to avoid tissue damage.

Before mice were euthanized, locomotor function tests including placing, grasping, and righting reflex-
es were performed as described previously (44—46). For the placing reflex, the hind limbs were placed
slightly lower than the forelimbs, and the dorsal surface of the hind paws was brought into contact with the
edge of the table. Then, whether the hind paws were placed on the table surface reflexively was recorded.
For the grasping reflex, mice were placed on the wire grid and then whether the hind paws grasped the wire
was recorded. For the righting reflex, the mouse’s back was placed on a flat surface, and whether the mouse
would immediately return to a normal upright position was recorded. Each test was repeated 5 times at
5-minute intervals, and scores were recorded by calculating the frequency of each normal response.

Histological localization of injection sites. Mlice were anesthetized with isoflurane and perfused with 50-100
mL of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS, pH 7.4). Brains were collected, post-
fixed overnight at 4°C, and cryoprotected in 30% sucrose-containing 0.1 M PBS for 2 days. After brains
were sectioned with a thickness of 30 um, the sections were stained with cresyl violet (Nissl staining) as
described previously (16, 47). The location and size of the damaged areas were identified by optical micros-
copy (Leica DMI4000), and images were analyzed using the NIH ImageJ software package.

Western blotting assay. Western blotting was carried out according to our previously published protocol (45,
46). Briefly, the tissues from the injected thalamus were homogenized with ice-cold lysis buffer (10 mM Tris, 5
mM EGTA, 0.5% Triton X-100, 2 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluoride, 40 uM leupeptin,
150 mM NaCl). The crude homogenate was centrifuged at 4°C for 15 minutes at 1000g. The supernatants were
collected for cytoplasmic protein detection. The pellets were further sonicated and dissolved in nucleus-sol-
uble ice-cold buffer (1 M Tris-HCl, 1% SDS, and 0.1% Triton X-100). After the protein concentration was
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measured, the sample was heated for 5 minutes at 99°C and loaded onto a 4%—20% precast polyacrylamide
gel (Bio-Rad Laboratories). The proteins were electrophoretically transferred onto a PVDF membrane (Bio-
Rad Laboratories). The membrane was blocked with 5% skim milk in Tris-buffered saline containing 0.1%
Tween-20 for 1 hour, then incubated overnight with the following primary antibodies: goat anti-Fgr (1:500;
Abcam; catalog number: SAB2500396), rabbit anti-Src (1:1000; Cell Signaling Technology Inc. [CST Inc.]; cat-
alog number: 2109T), rabbit anti-Lyn (1:1000; CST Inc.; catalog number: 2796T), rabbit anti-TNF-o. (1:1000;
CST Inc.; catalog number: 6945S), rabbit anti—-p-ERK1/2 (1:1000; CST Inc.; catalog number: 4370S), rabbit
anti—total ERK1/2 (1:1000; CST Inc.; catalog number: 4695S), rabbit anti—-p-NF-kB p65 (1:1000; CST Inc.;
catalog number: 3033S), rabbit anti-NF-«B p65 (1:1000; CST Inc.; catalog number: 8242S), mouse anti-GFAP
(1:1000; CST Inc.; catalog number: 3670S), rabbit anti-Ibal (1:500; FUJIFILM Wako Chemicals; catalog
number: 019-19741), rabbit anti-GAPDH (1:3000; Santa Cruz Biotechnology Inc.; catalog number: sc-20357),
and rabbit anti-histone H3 (1:1000; CST Inc.; catalog number: 9728S). The proteins were detected by goat
peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (1:3000; Jackson ImmunoResearch Lab-
oratories Inc.; catalog numbers: 145553 for anti-mouse and 146887 for anti-rabbit) or a donkey peroxidase-con-
jugated anti-goat (1:2000; Jackson ImmunoResearch Laboratories Inc.; catalog number: 147415), developed by
western peroxide and luminol/enhancer reagents (Clarity Western ECL Substrate, Bio-Rad Laboratories), and
visualized using the ChemiDoc XRS System with Image Lab software (Bio-Rad Laboratories). The intensity
of blots was quantified with densitometry using Image Lab software (Bio-Rad Laboratories).

Total RNA preparation and quantitative real-time reverse transcription PCR. RNA extraction and real-time
reverse transcription PCR assays were carried out as described previously (48). Briefly, total RNA was extract-
ed by the TRIzol method (Invitrogen, Thermo Fisher Scientific Inc.), treated with DNase (New England
Biolabs), and reverse-transcribed using ThermoScript reverse transcriptase (Invitrogen, Thermo Fisher Sci-
entific Inc.) and oligo (dT) primers (Invitrogen, Thermo Fisher Scientific Inc.). Templates (1 pL) were ampli-
fied by real-time PCR using primers for Fgr (forward: 5-CTCCCCAGAGTAGGTAGTAGGG-3'; reverse:
5'-GTGCCGGAAACCTGGTCTCAA-3") and Gapdh (forward: 5-TGTTCCTACCCCCAATGTGT-3
reverse: 5"TGTGAGGGAGATGCTCAGTG-3'). Each sample was run in triplicate in a 20 pL reaction
with 250 nM forward and reverse primers, 10 pL of SsoAdvanced Universal SYBR Green Supermix (Bio-
Rad Laboratories), and 20 ng of cDNA. PCR reactions were performed with an initial 3-minute incubation
at 95°C, followed by 40 cycles at 95°C for 10 seconds, 60°C for 30 seconds, and 72°C for 30 seconds in a Bio-
Rad CFX96 real-time PCR system. Ratios of mRNA levels from different time points to mRNA level from
the naive group (day 0) were calculated by using the ACt method (244<). All data were normalized to Gapdh,
an internal control that exhibits stable expression even after hemorrhagic insults (49, 50).

Immunofluorescence. After mice were deeply anesthetized with isoflurane, they were perfused with 50—-100
mL of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were harvested, postfixed at 4°C
for 24 hours, and cryoprotected in 30% sucrose overnight. The tissues were sectioned at 30 um thickness
using a cryostat (Leica). After blocking with PBS containing 5% goat serum and 0.3% Triton X-100 for
1 hour at 37°C, the sections were incubated overnight at 4°C with mouse anti-Fgr (1:50; Santa Cruz Bio-
technology Inc.; catalog number: sc-74542) alone; with a mixture of mouse anti-Fgr (1:50) and rabbit anti-
NeuN (1:500; Invitrogen, Thermo Fisher Scientific Inc. catalog number: 702022), rabbit anti-GFAP (1:500;
MilliporeSigma Co.; catalog number: SAB5600060), rabbit anti-Ibal (1:1000; FUJIFILM Wako Chemicals;
catalog number: 019-19741), or rabbit anti-CD68 (1:800; Abcam; catalog number: SAB5500070); with a
mixture of mouse anti-Fgr (1:50), rabbit anti-NF-xB p65 (1:400; CST Inc.; catalog number: 8242S), and
goat anti-Ibal (1:500; Invitrogen, Thermo Fisher Scientific Inc.; catalog number: PA5-18519); with a mix-
ture of mouse anti-Fgr (1:50), rat anti-TNF-a (1:500; Invitrogen, Thermo Fisher Scientific Inc.: catalog
number: 14-7321-81) and rabbit anti-Ibal (1:1000), with a mixture of rabbit anti-NF-kB p65 (1:500), rat
anti-TNF-a (1:500; Invitrogen, Thermo Fisher Scientific Inc.; catalog number: 14-7321-81); and rabbit anti-
Ibal (1:1000); or with a mixture of rabbit anti-ERK1/2 (1:500), mouse anti-Fgr (1:50), and goat anti-Ibal
(1:500). The sections were then incubated for 1 hour at room temperature with donkey anti-mouse IgG con-
jugated with Cy2 (1:500; Jackson ImmunoResearch Laboratories Inc.; catalog number: 715-225-151) alone;
a mixture of donkey anti-mouse IgG conjugated with Cy2 (1:500; Jackson ImmunoResearch Laboratories
Inc.; catalog number: 715-225-151) and goat anti—rabbit IgG conjugated with Cy3 (1:500; Jackson Immu-
noResearch Laboratories Inc.; catalog number: 115-035-003); or a mixture of goat anti—rabbit IgG conju-
gated with DyLight 405 (1:500; Jackson ImmunoResearch Laboratories Inc.), Cy2 (1:500), donkey anti—rat
or anti-mouse IgG conjugated with Cy3 (1:500), and donkey anti—goat IgG conjugated with Cy2 (1:500).

insight.jci.org  https://doi.org/10.1172/jci.insight.139987 16


https://doi.org/10.1172/jci.insight.139987

. RESEARCH ARTICLE

Control experiments included omission of the primary antiserum and substitution of normal mouse, rabbit,
or goat serum for the primary antiserum. The sections were finally mounted using VectaMount permanent
mounting medium (Vector Laboratories, Maravai LifeSciences) or VECTASHIELD plus DAPI mounting
medium (Vector Laboratories, Maravai LifeSciences). All images were taken using a Leica DMI4000 fluo-
rescence microscope and captured with a DFC365FX camera (Leica). Single-, double- or triple-labeled cells
were counted manually or using the NIH ImageJ software.

Statistics. Animals were randomly assigned to various treatment groups. All data were expressed as mean
+ SEM. Two-tailed, unpaired Student’s ¢ tests and 1-way or 2-way ANOVAs with repeated measures were
used to analyze the data. When ANOVAs showed significant differences, pairwise comparisons between the
means were analyzed by the post hoc Tukey’s method (Sigma Plot 12.5). Significance was set at P < 0.05.

Study approval. Animal experiments were conducted with the approval of the Institutional Animal Care
and Use Committee of Rutgers, The State University of New Jersey. All experiments were conducted in
accordance with the ethical guideline Guide for the Care and Use of Laboratory Animals (National Academies
Press, 2011) of the NIH and the International Association for the Study of Pain.
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