Research Article

Neuronal protein-tyrosine phosphatase 1B hinders
sensory-motor functional recovery and causes affective
disorders in two different focal ischemic stroke models
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Abstract

Ischemic brain injury causes neuronal death and inflammation. Inflammation activates
protein-tyrosine phosphatase 1B (PTP1B). Here, we tested the significance of PTP1B
activation in glutamatergic projection neurons on functional recovery in two models of
stroke: by photothrombosis, focal ischemic lesions were induced in the sensorimotor cortex
(SM stroke) or in the peri-prefrontal cortex (peri-PFC stroke). Elevated PTP1B expression
was detected at 4 days and up to 6 weeks after stroke. While ablation of PTP1B in neurons
of neuronal knockout (NKO) mice had no effect on the volume or resorption of ischemic
lesions, markedly different effects on functional recovery were observed. SM stroke caused
severe sensory and motor deficits (adhesive removal test) in wild type and NKO mice at 4
days, but NKO mice showed drastically improved sensory and motor functional recovery at
8 days. In addition, peri-PFC stroke caused anxiety-like behaviors (elevated plus maze and
open field tests), and depression-like behaviors (forced swimming and tail suspension tests)
in wild type mice 9 and 28 days after stroke, respectively, with minimal effect on sensory
and motor function. Peri-PFC stroke-induced affective disorders were associated with
fewer active (FosB*) neurons in the PFC and nucleus accumbens but more FosB* neurons
in the basolateral amygdala, compared to sham-operated mice. In contrast, mice with
neuronal ablation of PTP1B were protected from anxiety-like and depression-like behaviors
and showed no change in FosB" neurons after peri-PFC stroke. Taken together, our study
identifies neuronal PTP1B as a key component that hinders sensory and motor functional
recovery and also contributes to the development of anxiety-like and depression-like
behaviors after stroke. Thus, PTP1B may represent a novel therapeutic target to improve
stroke recovery. All procedures for animal use were approved by the Animal Care and Use
Committee of the University of Ottawa Animal Care and Veterinary Service (protocol 1806)
on July 27,2018.
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sensory and motor deficits, nearly 30% of TIA patients develop
posttraumatic stress disorder (anxiety and depression) (Kiphuth
et al., 2014). Moreover, given that as many as 8 out of every 10
persons in an aged population (~62 years old) has had a silent
stroke (Das et al., 2008), a form of stroke that can only be
detected by MRI imaging, and that silent stroke increases the
risk of depression 2-3 fold (Wu et al., 2014), the prevalence of

Introduction

Stroke can cause debilitating sensory, motor, cognitive and
communication deficits. Furthermore, in patients surviving
stroke, mood disorders such as anxiety and depression not
only affect patients’ quality of life but also directly impact on
their motivation and adherence to physical rehab to improve

functional recovery after stroke (Chollet et al., 2011; Mikami
et al.,, 2011). Anxiety and depression after stroke may arise
from despair and inability to cope with daily tasks, or as a
direct consequence of injury to the limbic system. Even after
a transient ischemic attack (TIA) that leaves patients free of

post-stroke anxiety and depression is likely underestimated.

The location of ischemic brain injury greatly influences the
nature of the functional deficits: Lesions at the sensorimotor
(SM) cortex cause severe sensory and motor deficits, whereas
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lesions to the left prefrontal cortex (PFC) can produce anxiety
and depression with minimal deficits in sensory and motor
function in humans and mice (Robinson et al., 1984; Terroni
et al., 2011; Kronenberg et al., 2012; Vahid-Ansari et al.,
2016). Focal ischemic lesions to the motor cortex induced
by photothrombosis were reported to cause severe motor
deficits peaking on the 4™ day with a gradual but partial
recovery on the 6" day (Li et al., 2014a). The extensive
rewiring of the motor cortex in the area surrounding ischemic
lesions correlates to this recovery [elegantly reviewed in
(Murphy and Corbett, 2009)].

The PFC is an important limbic region that limits anxiety and
depression (Bremner, 1999; Drevets, 2001; Keedwell et al.,
2005; Mayberg et al., 2005; Feder et al., 2009) by suppressing
neuronal activity in the basolateral amygdala (BLA) and by
increasing activity in the nucleus accumbens (NAc), respectively
(Vialou et al., 2014). Positron emission tomography (PET) and
single-photon emission computed tomography imaging studies
reveal reduced activity in the PFC in most types of depression,
including stroke-induced depression (Mayberg, 1994), that can
be alleviated by deep brain stimulation of the PFC (Mayberg et
al., 2005; Nahas et al., 2010), but this approach is invasive.

Selective serotonin reuptake inhibitors (SSRI) are currently
used for post-stroke depression. However, 30-50% of patients
with depression fail to respond to SSRI (Krishnan and Nestler,
2008), and this may reflect disease mechanisms of depression,
such as increased inflammation, that are not targeted by SSRI
(Hodes et al., 2015). Moreover, a Danish study of ~6000 stroke
patients found a significant increase in mortality among those
taking SSRI (Mortensen et al., 2013). A more recent and larger
study (> 16,000 patients) reported that patients receiving
antidepressant therapies targeting the norepinephrine
or serotonin systems (tricyclic antidepressants, SSRI or
monoamine oxidase inhibitors) have an 84% increase in the
risk of stroke recurrence (Juang et al., 2015). Importantly, the
SSRI Fluoxetine had no effect on motor recovery after stroke,
although it did improve mood disorders while increasing the
frequency of bone fractures (Collaboration, 2019). Identifying
new targets and safe alternative methods to alleviate post-
stroke anxiety and depression that could also promote motor
recovery from stroke are needed.

Stroke causes a profound and long-lasting inflammatory
response (Mena et al., 2004; Gerhard et al., 2005; Gulyas et
al., 2012). Inflammation increases expression of the tyrosine
phosphatase PTP1B in neurons (Zabolotny et al., 2008; Zhu et
al., 2015; Song et al., 2016; Tsunekawa et al., 2017), but the
significance of PTP1B to stroke outcome and recovery has not
been addressed. Here, we tested the hypothesis that neuronal
PTP1B activation would affect motor recovery from stroke
and contribute to the manifestation of affective deficits after
limbic stroke.

Materials and Methods

Animals

Cam2aCre/PTP1Bflox mice that ablate PTP1B in glutamatergic
projection neurons (PTP1B NKO) (Ricke et al., 2020) were
generated by breeding PTP1Bflox mice (Bence et al., 2006)
with the Camk2aCre mice (Casanova et al., 2001) on the
C57BL6 background. Mice were fed with regular chow, and
randomly assigned to sham, SM stroke or peri-PFC stroke
groups. All procedures for animal use were approved by the
Animal Care and Use Committee of the University of Ottawa
Animal Care and Veterinary Service (protocol 1806) on July 27,
2018 and were in accordance with institutional guidelines and
those of the Canadian Council on Animal Care.

Photothrombotic SM and peri-PFC stroke surgery
Focal stroke was induced on the left side by photothrombosis
using light-sensitive dye that triggers clots in the blood vessels,

as described previously (Watson et al., 1985). 2-Month-old
mice were anesthetized with isoflurane gas, and placed under
a stereotaxic frame. A midline incision of the scalp was made
to expose a 1 mm x 1 mm region of the left skull. Five minutes
after administration of the light-sensitive dye Rose Bengal
(Sigma-Aldrich, Oakville, ON, Canada) (10 mg/mL in PBS, made
fresh by vortexing and filtered, 100 mg/kg, i.p.), a collimated
green laser (532 nm, 20 mW, Beta Electronics, Columbus,
OH, USA) was placed 2 cm above the skull at the following
coordinates: anteroposterior 0.7 mm, mediolateral 2 mm (for
SM-stroke) or anteroposterior: 2 mm, mediolateral: 0.6 mm
(for peri-PFC stroke) relative to the Bregma, according to the
atlas (Franklin and Paxinos, 2008), to illuminate the skull for 10
minutes to initiate photothrombosis. During the procedure and
post-operative recovery, the body temperature was maintained
at 37.5 + 0.5°C with a heated pad.

Infarct volume measurement

Areas of exclusion of Cresyl violet staining of Nissl bodies in
living neurons (Schock et al., 2008) were quantified from 10
coronal sections (20 um thick), sampled every 10 sections
over a 2 mm distance overlapping the area of infarction,
as described previously (Cruz et al., 2017). Infarct volumes
were calculated by stacking infarct areas of exclusion in serial
sections using the Image) software (US National Institutes of
Health, Bethesda, MD, USA). Lesion volumes are reported in
mm?®. Of note, our previous study showed that there is little
residual edema 4 days after photothrombosis, obviating the
need for normalization of lesions to total brain volume (Cruz et
al., 2017). Investigators were blinded to genotype of mice.

Behavior tests

Sensory and motor functions were assessed by an adhesive-
removal test, as we described previously (Cruz et al., 2017).
Elevated plus maze and open field tests were used as an
index of anxiety and were performed as we described (Qin et
al., 2015b). Immobility time during forced swim test and tail
suspension test were used as an index of depression (Castagne
etal., 2011). Investigators were blinded to genotype of mice.

Adhesive-removal test

The adhesive-removal test was performed 7 days prior to,
and 4, 8 or 14 days after SM-stroke and 4 days after peri-PFC
stroke (Figure 1A). An adhesive tape is placed on the palms
of mice and the times to detect and to remove the tape
are measured as an index of sensory and motor function,
respectively. Mice were removed from their home cage and
were transferred to a new clean cage placed in a testing room
for 30 minutes to habituate. For testing, an adhesive tape that
covers the hairless part of the paw was pressed gently into the
left and right forelimb paw of a restrained mouse. The mouse
was then placed in the testing cage and the latency required
for paw-to-mouth contact and tape removal was recorded,
with a maximum of 2 minutes per trial period. Data collected
includes left and right contact time and left and right removal
time.

Elevated plus maze test

The elevated plus maze test was performed on day 9 after
photothrombosis (Figure 2A). The elevated 4-arm maze has
two open arms (6 cm x 35 cm) and two closed arms (6 cm x
35 cm x 20 cm) that extend from a central platform (6 cm x
6 cm) elevated approximately 75 cm above the floor. Mice
were placed individually in the center of the maze facing the
open arms and allowed to explore the maze for 10 minutes.
The session was video recorded and the results were analyzed
with a computerized tracking system (Ethovision 8 software,
Noldus, Wageningen, Netherlands). Parameters measured
included number of open arm entries as well as the time
spent in open arms.
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Figure 1 | Sensory and motor function recover faster in protein-tyrosine
phosphatase 1B knockout (PTP1BNKO) mice after photothrombosis-
induced lesion at the sensorimotor cortex (SM stroke).

(A) Timeline of adhesive removal tests carried out at 4, 8, 14 days after
photothrombosis-induced SM stroke. (B) PTP1BNKO (NKO) mice show a
markedly improved performance of the adhesive removal test between 4-8
days post-SM-stroke compared to littermate controls (WT). The latency to

Open field test

The open field test was performed on day 37 after
photothrombosis (Figure 2A). Mice were placed in an open
field box (45 cm x 45 cm x 45 cm; MED Associates, Fairfax,
VT, USA) illuminated with 300 Ix intensity to enhance anxiety
triggered by exposure to a novel large and bare open arena.
Mice were videotaped for 10 minutes and the time they spent
at the center (25 cm x 25 c¢cm) and at the periphery of the
chamber (10 cm x 10 cm corners) were analyzed using video
tracking software Noldus (Ethovision).

Tail suspension test

The tail suspension test measures the stress coping response
as an index of depression (Castagne et al., 2011) on day 42
after photothrombosis (Figure 2A). Mice were suspended by
taping the tail to a metal bar in a tail suspension box (MED
Associates) for 6 minutes and an automated detection device
(ENV-505TS Load-Cell Amplifier, MED Associates) recorded
and identified immobility times.

Forced swim test

The Forced swim test was also used to assess depression-
like behavior (Castagne et al., 2011) on day 28 after
photothrombosis (Figure 2A) by subjecting Mice to an
inescapable swim stress for 6 minutes. Mice were placed in
4 L of water (24°C) in a clear plastic cylinder (22cm diameter,
37 cm deep) and videotaped from the side of the cylinder
under red lighting. The duration of immobility time was
determined using Ethovision XT automated video-tracking
software (MED Associates).

Quantitative polymerase chain reaction

Total RNA from brain tissue (prefrontal cortex, amygdala,
and nucleus accumbens) was extracted using the Qiagen
RNeasy Mini Kit (Qiagen, Canada) (Zhou et al., 2012). Reverse
transcription-quantitative polymerase chain reaction (RT-gPCR)
was conducted as described previously (Chen et al., 2015),
and the results were normalized to B-actin. Primers used for
gPCR: TNF-a: (F) 5'-CCA CCA CGC TCT TCT GTC TAC-3', (R) 5"-
AGG GTC TGG GCC ATA GAA CT-3'. IL-1B: (F) 5'-CAG GCT CCG
AGA TGA ACA A-3', (R) 5-CCC AAG GCC ACA GGT ATT T-3".
Actin: (F) 5'-CCT TCT GAC CCA TTC CCA CC, reverse 5-GCT TCT
TTG CAG CTC CTT CG-3'. PTP1B: (F) 5-TGG CTG ACA CCT GCC
TCT TA-3', (R) 5"-CCA CTG ATC CTG CAC TGA CG-3".

contact and removal of adhesive tape are associated with sensory and motor
functional deficits, respectively. The times required to perform a task after
stroke is subtracted from the time required prior to stroke. n = 14 WT, 9 NKO
each group. *P < 0.05, vs. contralateral side (two-way analysis of variance
followed by Tukey’s post hoc test). (C) Cresyl violet staining comparing the
infarct area (pale regions of left hemisphere) after SM stroke. n = 9-11 each
group.

Immunoblotting and immunofluorescence

Protein extraction of the left and right hemispheres
and immunoblot analysis were performed as previously
described (Chen et al., 2007b; Gomez-Smith et al., 2010).
For immunoblot analysis, antibodies and dilutions were as
follows: PTP1B (Abcam, Toronto, ON, Canada, Cat# ab245984,
rabbit monoclonal antibody, 1:1000 dilution), B-actin (Sigma-
Aldrich, Canada, Cat#f A5441, mouse monoclonal antibody,
1:1000 dilution) and appropriate peroxidase-conjugated
secondary antibodies (ThermoFisher Scientific, Nepean, ON,
Canada, Cat# G-21040: goat-anti mouse IgG, G-21234, goat-
anti rabbit 1gG, both at 1:10,000 dilution) were revealed
by chemiluminescence (GE Healthcare, Mississauga, ON,
Canada). PTP1B protein levels were quantified using Image)
software. Three days after the last behavior test, mice were
sacrificed and whole brain cryostat sections (20 um) were
subjected to immunofluorescence, as described (Chen et
al., 2007a; Zaman et al., 2014). Immunofluorescence images
were acquired on a Zeiss Z1 fluorescent microscope (Zeiss,
North York, ON, Canada). Primary antibodies used and their
dilutions are: ionized calcium binding adaptor molecule 1
(Ibal) (WAKO Chemicals USA, Richmond, Virginia, Cat# 019-
19741, rabbit polyclonal, 1:500 dilution) to label microglia
(Cruz et al., 2018), and FosB (Abcam, Canada, Cat# 11959,
mouse monoclonal, 1:500 dilution) to label actively firing
neurons (Renthal et al., 2008; Vialou et al., 2010). Cy2-, Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA, USA, Cat# 715-225-150: cy2 conjugated-
donkey anti-mouse, #711-165-152: cy3-conjugated-
donkey anti-rabbit, both at 1:1000 dilution) were used. For
immunofluorescence images, three independent fields at
20x magnification from six sections were imaged and FosB”
cells counted using Imagel.

Statistical analysis

All results are presented as the mean + SEM. For between-
group comparisons of fold changes (qPCR), values were
normalized by log transformation, whereas percentages
were normalized by arcsin transformation. Main effects
of genotype and photothrombosis were analyzed by two-
way analysis of variance and post hoc pairwise comparisons
used Tukey’s test. Differences in means were considered
significant at P < 0.05.
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Figure 2 | Peri-PFC stroke has minimal impact on sensory-motor function,
but causes anxiety and depression in wild type (WT) but not protein-
tyrosine phosphatase 1B knockout (PTP1BNKO) mice.

(A) Timeline of adhesive removal and affective behavior tests carried out after
photothrombosis-induced peri-PFC stroke. (B) Adhesive removal test showed no
significant sensory and only modest motor deficits 4 days after peri-PFC stroke
(compared to SM-stroke in Figure 1B). Peri-PFC stroke caused anxiety, measured
by the elevated plus maze (C) and open field test (D), and depression, measured

Results

PTP1BNKO mice have faster functional recovery after
sensorimotor stroke

PTP1B expression was elevated in both ipsilateral (left) and
contralateral (right) sides 4 days after photothrombosis-
induced ischemic lesions in the left sensorimotor cortex (SM-
stroke) (Figure 3). To determine the significance of neuronal
PTP1B elevation on functional deficits, mice with neuronal-
specific ablation of PTP1B (NKO mice) were generated by
crossing PTP1Bflox mice (Bence et al., 2006) with Camk2aCre
mice (Casanova et al., 2001). Unlike the previously described
Nestin-Cre/PTP1Bflox mice where PTP1B is ablated in all
neuroprogenitors (Bence et al., 2006), our NKO mice ablated
PTP1B in glutamatergic projection neurons (Ricke et al.,
2020) and showed no difference in metabolic properties
compared to their littermate controls (data not shown).

NKO mice and their littermate controls were subjected to
adhesive removal test at various times after SM-stroke.
SM-stroke caused sensory and motor deficits (Cruz et al.,
2017) as revealed by the increased contact times (the time
required to detect the tape) and removal times (the time
required to remove the tape) in the adhesive tape removal
test, respectively (Figure 1B). Mice with ablation of PTP1B in
projection neurons (NKO) showed similar sensory and motor
deficits as littermate controls 4 days after SM-stroke, but
showed a markedly improved functional recovery at 8 days
(Figure 1B). Intriguingly, no difference in infarction volumes
was detected after stroke between NKO and wild type
littermate controls (Figure 1C). These results indicate that
stroke-induced activation of PTP1B in neurons delays sensory
and motor functional recovery.

PTP1BNKO mice are protected from anxiety and
depression-like behaviors after peri-PFC stroke

To investigate the contribution of neuronal PTP1B in post-
stroke affective disorders, focal ischemic lesions were
targeted to the left peri-prefrontal cortex (peri-PFC). In
wild type mice, peri-PFC stroke did not cause measurable
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by increased immobility time in the forced swimming test (E) and tail suspension
test (F) in littermate controls (WT) but not in PTP1BNKO (NKO) mice. n = 10-15
mice/group. *P < 0.05, vs. contralateral side; #P < 0.05, vs. WT sham mice (two-
way analysis of variance followed by Tukey’s post hoc test). (G) Cresyl violet
staining showed a similar-sized peri-PFC infarction (pale region or red arrows)

in NKO mice as in WT at 4 days that regressed to the same extent by 6 weeks.
Representative brain map diagrams are shown under each section. The dashed
red lines outline the infarct areas. n = 6 mice/group. PFC: Peri-prefrontal cortex.
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Figure 3 | PTP1B expression is elevated after stroke.

Immunoblots show elevated PTP1B expression in peri-infarct area of both

left and right hemispheres 4 days after focal lesion of the left somatosensory
cortex. PTP1B (~37 kDa) levels were normalized to B-actin (~42 kDa) for
quantification. n = 3—4 mice per group. PTP1B: Protein-tyrosine phosphatase 1B.

sensory or motor deficits 4 days after stroke (Figure 2B), in
marked contrast to what we observed for SM stroke (Figure
1B). Despite the lack of sensory or motor deficits, peri-PFC
stroke caused anxiety-like behaviors detected as early as 9
days after stroke in the elevated plus maze (Figure 2C) and
also in the open field test 1 month after stroke (Figure 2D).
A depression-like phenotype was also detected in the forced
swimming test at 4 weeks (Figure 2E) and the tail suspension
tests at 6 weeks (Figure 2F) after peri-PFC stroke.

As for NKO mice, a slight motor deficit was detected 4 days
after peri-PFC stroke (Figure 2B), despite a similar infarction
volume as in wild type mice at 4 days (Figure 2G). It should
be noted that this motor deficit is much smaller than
observed 4 days after SM stroke (Figure 1B), likely reflecting
the site of photothrombosis. Remarkably, in contrast to
littermate controls, NKO mice did not develop anxiety or
depression-like behaviors after peri-PFC stroke (Figure 2C—
F). We were surprised to note that infarct volumes had
regressed by ~80% in both wild type and NKO mice by 6
weeks after peri-PFC stroke (Figure 2G), yet anxiety and
depression-like behaviors were evident only in wild type but
not NKO mice.

We asked whether neuronal PTP1B ablation affects the
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inflammatory response after peri-PFC stroke to account
for the absence of anxiety and depression in NKO mice.
Immunostaining revealed sustained microglial activation even
6 weeks after peri-PFC stroke in both wild type (Figures 4A
and 5) and NKO mice (Figure 5). Moreover, the mRNAs for
inflammatory cytokines TNF-a (Figure 4B) and IL-1B (Figure
4C) were similarly elevated in NKO and wild type mice, on
the lesioned ipsilateral as well as the contralateral prefrontal
cortex, amygdala and nucleus accumbens. Therefore, neuronal
ablation of PTP1B did not affect the inflammatory response
after peri-PFC stroke, at least for these 2 cytokines. The fact
that the inflammation-responsive gene PTP1B (Zabolotny et
al., 2008; Zhu et al., 2015; Song et al., 2016) remains elevated
in wild type mice 6 weeks after peri-PFC stroke (Figure 4D)
and is associated with persistent anxiety/depression and
that these affective disorders did not appear in NKO mice
strongly supports the notion that PTP1B activation in neurons
is the major driving force for the development of anxiety and
depression-like behaviors after stroke.

Altered neuronal activity after peri-PFC-stroke

We next examined whether altered neuronal activity might
correlate with the appearance of anxiety and depression-like
behaviors after peri-PFC stroke. FosB expression, an index of
persistent neuronal activation (Renthal et al., 2008; Vialou et
al., 2010), was compared in various brain regions implicated
in affective disorders. In wild type mice 6 weeks after peri-
PFC-stroke, fewer FosB® neurons were counted in the PFC
(Figure 5A and D) and NAc (Figure 5B and D) while more
FosB™ neurons were counted in the BLA (Figure 5C and D),
compared to sham-operated wild type mice. This peri-PFC
stroke-induced change in the number of FosB* neurons was
not observed in NKO mice, nor was it correlated with global
microglia activation (Figure 5A-D). Of note, similar numbers
of Ibal®” microglia were detected in WT and NKO mice after
stroke. Thus, our data suggest that neuronal PTP1B activation
reduces activity in PFC and NAc neurons, but elevates activity
in BLA neurons after peri-PFC stroke. Our data further support
the notion that reduced PFC and NAc neuronal activity
together with increased BLA activity might contribute to
anxiety and depression (Anand et al., 2005; Kim et al., 2011;
Tan et al., 2011; Sripada et al., 2012; Admon et al., 2013; Goff
et al., 2013; Shonesy et al., 2014, Vialou et al., 2014) after
stroke.

Discussion
The present study reports several important findings: First,
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Figure 4 | Stroke activates a sustained global inflammatory response.
(A) Immunofluorescence staining revealed activated microglia (Ibal’) even
on the contralateral side 6 weeks after peri-prefrontal cortex (PFC) stroke.
Scale bar: 100 um. gPCR reveals elevated mRNA for inflammatory cytokines
(B, TNF-a; C, IL-1B) and for protein-tyrosine phosphatase 1B (PTP1B, D) in

neuronal PTP1B ablation does not affect infarct volumes.
Second, ablation of PTP1B in neurons improves sensory and
motor recovery after SM stroke. Third, ischemic injury to the
limbic system by peri-PFC photothrombosis, while having a
minimal effect on sensory/motor function, causes anxiety and
depression-like behaviors. Finally, anxiety and depression after
limbic ischemic injury can be prevented by neuronal ablation
of PTP1B.

Consistent with prior histological (Mena et al., 2004) and
positron emission tomography imaging (Gerhard et al., 2005;
Gulyas et al., 2012) studies in humans that found inflammatory
microglia/macrophages persist for several months after
ischemic brain injury, we found persistent microglial activation
with elevated IL-1B and TNF-a inflammatory cytokine mRNAs
even 6 weeks after photothrombosis in wild type as well as
in NKO mice. Of note, it was reported that photothrombosis-
induced inflammation impairs sensory learning whereas anti-
inflammatory drugs could rescue sensory deficits (Greifzu
et al.,, 2011). Along these lines, patients suffering chronic
sensory deficits long after stroke showed improvement after
spinal anti-TNF-a treatment (Tobinick, 2011), indicating that
inflammation after stroke impairs sensory function.

After ischemic injury, the surviving cortex undergoes profound
rewiring, forming new synapses and this process is correlated
with spontaneous sensory and motor functional recovery
(Dang et al., 2013; Harrison et al., 2013). In line with the ~60%
reduction in infarct volume between 4 and 14 days, sensory
and motor functional deficits in both wild type and NKO mice
recovered by 14 days after SM stroke. Importantly, neuron-
specific ablation of PTP1B hastened sensory and motor
functional recovery, as little recovery was observed at 8 days
in wild type mice, but near complete sensory and complete
motor recovery were seen in the NKO mice at this time. Of
note, at 4 days both wild type and NKO mice showed similar
sensory and motor functional deficits. Thus, sensory and
motor functional recovery occurred at least 4 days sooner
in NKO mice compared to littermates. Further, our finding
indicates that activation of the inflammatory responsive gene
PTP1B in neurons impedes sensory and motor functional
recovery.

While human and animal studies indicate that chronic
inflammation is associated with anxiety and depression (Li et
al., 2014b; Setiawan et al., 2015; McGuiness et al., 2016), we
found that neuronal ablation of PTP1B is sufficient to prevent
the appearance of anxiety and depression-like behaviors after
limbic stroke. In addition, our observation of reduced PFC
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the PFC, amygdala and nucleus accumbens (NAc) after stroke. Tissues were
sampled on the ipsilateral side (Left, L) and contralateral side (Right, R). Data
were normalized to actin mRNA and expressed as a fold of WT-sham control. n
=5 mice/group. #P < 0.05, vs. WT sham for each subregion (Student’s unpaired
t-test).
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Figure 5 | Peri-PFC stroke causes widespread microglial activation with
altered neuronal activity.

Activated microglia (Ibal’) were detected in PFC (A), amygdala (BLA, B) and
nucleus accumbens (NAc, C) even 6 weeks after stroke. Neuronal activation
revealed by the number of FosB® cells was quantified on the ipsilateral
side. Merged panels show that FosB and Ibal immunofluorescence is non-
overlapping. Scale bars: 100 um. (D) There were fewer FosB" neurons in
the PFC and NAc of WT mice after stroke compared to PTP1BNKO mice. In
contrast, there were more FosB" neurons in the BLA of WT compared to
PTP1BNKO mice. n = 4-5 mice/group. *P < 0.05, vs. contralateral side
(two-way analysis of variance followed by Tukey’s post hoc test). BLA:
Basolateral amygdala; PFC: prefrontal cortex; PTP1BNKO: protein-

tyrosine phosphatase 1B knockout; KO: knockout; WT: wild type.

and NAc neuronal activity together with elevated BLA activity
with post-stroke anxiety and depression aligns with reports
that reduced activity in the PFC and NAc and elevated activity
in the BLA are tied to anxiety and depression (Anand et al.,
2005; Kim et al,, 2011; Tan et al,, 2011; Sripada et al., 2012;
Admon et al., 2013; Goff et al., 2013; Shonesy et al., 2014;
Vialou et al., 2014). Since these changes were not seen in NKO
mice that do not develop post-stroke anxiety and depression-
like behaviors, this indicates that PTP1B is required to alter
neuronal activity linked to mood disorders after limbic stroke.
An outstanding question that we have not addressed here is to
what extent SM stroke contributes to anxiety- and depression-
like behaviors.

By suppressing neuronal activity in the basolateral amygdala
(BLA) and by promoting activity in the nucleus accumbens
(NAc), respectively (Vialou et al., 2014), the prefrontal
cortex (PFC) controls anxiety and depression (Bremner, 1999;
Drevets, 2001; Keedwell et al., 2005; Mayberg et al., 2005;
Feder et al., 2009). Functional magnetic resonance imaging
showed that NAc activity declined following stress exposure
and was associated with clinical symptoms of depression
(Admon et al., 2013; Goff et al., 2013). Deep brain stimulation

at the NAc has beneficial effects in treating resistant major
depression (Nauczyciel et al., 2013). In a mouse model of
anxiety and depression, stimulation of cortico-amygdala
projections blocked an anxious phenotype, whereas
stimulation of cortico-NAc projections produced an anti-
depression-like effect (Vialou et al., 2014). Together, these
studies highlight the importance of glutamatergic inputs from
the PFC to the BLA and NAc to inhibit anxiety and depression,
respectively. Positron emission tomography and single-photon
emission computed tomography imaging studies showed
that in most types of depression, including stroke-induced
depression, the metabolism (a measure of neuronal activity)
in the orbital-inferior prefrontal lobe is markedly reduced
(Mayberg, 1994). Patients with left frontal cortical lesions have
more severe mood disorders (Robinson et al., 1984). Human
and animal studies show that decreased PFC pyramidal
neuronal activity is associated with depression- and anxiety-
like behaviors (Mayberg et al., 2005; Nahas et al., 2010),
whereas increased PFC pyramidal neuron activity is associated
with improved functional recovery after stroke (Clarke et al.,
2014). These studies are consistent with our observations in
wild type mice after left-sided peri-PFC stroke.

Many cellular mechanisms may be affected by neuronal PTP1B
activation to account for the deleterious effects on sensory/
motor recovery and the appearance of anxiety and depression
after stroke. For example, stroke-induced PTP1B activity
could undermine the beneficial effects of endogenous brain-
derived neurotrophic factor (BDNF) signaling. BDNF is induced
by stroke injury (Bejot et al., 2011) and BDNF/trkB signaling
is an important self-protective mechanism that promotes
neuronal survival, neuroplasticity (e.g., sensorimotor cortex
reorganization (Murphy and Corbett, 2009)), and motor
functional recovery after stroke (Schabitz et al., 2007;
Ploughman et al., 2009; Clarkson et al., 2011). However,
PTP1B dephosphorylates and inactivates the BDNF receptor
trkB (Ozek et al., 2014) and this would delay functional
recovery. In addition, PTP1B impairs the cellular response
to insulin by dephosphorylating the insulin receptor and its
substrate IRS1 (Moller, 2001; Bence et al., 2006; Pandey et al.,
2013; Qin et al., 2015a; Kwon et al., 2018). Insulin signaling
regulates trafficking of AMPA glutamate receptors that is
important for synaptic plasticity (Ahmadian et al., 2004). In
line with this notion, diabetes patients have poor functional
recovery after stroke (Jorgensen et al., 1994). In addition,
PTP1B affects many other receptors and signaling molecules
that could affect stroke recovery including EphA3 (Nievergall
et al., 2010), EphAS5 (Liu et al., 2014), ErbB2 (Bentires-Alj and
Neel, 2007), IGF-1 (Fan et al., 2013), Stat5 phosphorylation
(Johnson et al., 2010), store-operated calcium entry (Koss
et al., 2013), among many others. Lastly, elevated neuronal
PTP1B would also hinder the mGluR5-dependent production
of endocannabinoid (Qin et al., 2015b). Endocannabinoids
are produced by postsynaptic neurons to inhibit presynaptic
neurotransmitter release and thereby modulate neuronal
activity. Endocannabinoid production is important in mood
regulation and insufficient endocannabinoid signaling is
associated with affective disorders (Qin et al., 2015b).
Whether PTP1B activation alters neuronal excitability via
endocannabinoid production or by other mechanisms are
important questions to be addressed in future studies. It
is worth noting that activation of PTP1B in parvalbumin
inhibitory neurons affects repetitive and social behaviors
(Zhang et al., 2020). To what extent PTP1B activation in
parvalbumin and other inhibitory neurons affects recovery
from stroke remains to be determined.

Taken together, our study shows that neuronal PTP1B directly
influences stroke recovery and suggests that targeting PTP1B
could improve both sensory and motor functional recovery
as well as prevent mood disorders (anxiety and depression)
associated with stroke injury. Although it is not tested here,
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loss of cognitive function is a common stroke outcome. Our
recent report demonstrates that elevated PTP1B function in
neurons is associated with cognitive decline in the context
of Alzheimer’s disease with amyloid beta pathology in
hAPP-J20 mice and importantly, systemic administration of
Trodusquemine, a highly selective PTP1B inhibitor (Krishnan
et al., 2014), rescued cognitive function in these mice (Ricke
et al., 2020). Other compounds that inhibit PTP1B have
been described, including Claramine (Qin et al., 2015a)
and KY-226 (Sun et al.,, 2018). KY226 (Sun et al., 2018) was
reported to reduce ischemic reperfusion damage, although
whether this compound has any off-target effect remains to
be determined. Trodusquemine has 200-fold selectivity for
PTP1B compared to its closest homolog TC-PTP (Krishnan
et al., 2014). Trodusquemine can readily cross the blood-
brain barrier (Ahima et al., 2002) with a rapid (< 1 hour, after
intraperitoneal injection) and long-acting (> 1 week) anxiolytic
effect in mice with aberrantly elevated PTP1B (Qin et al.,
2015b), but no measurable effect in healthy WT mice (Pandey
et al.,, 2013, 2014; Qin et al.,, 2015a, b). Importantly, since
Trodusquemine has undergone clinical trials for safety and for
the treatment of obesity with no adverse outcomes (Nguyen
et al., 2013), should future studies demonstrate a therapeutic
effect of Trodusquemine in preclinical stroke models, it could
be readily repurposed for stroke treatment.

Conclusion

Our study has identified neuronal PTP1B as a key component
that not only hinders sensory and motor functional recovery,
but also accounts for the development of anxiety and
depression after stroke. While the mechanisms affected by
neuronal PTP1B activation remain to be elucidated, our study
suggests that PTP1B may be a promising target to improve
recovery, particularly in the first week after stroke.
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