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Persistent post-stroke depression in mice following unilateral
medial prefrontal cortical stroke
F Vahid-Ansari1,2, DC Lagace2 and PR Albert1,2

Post-stroke depression (PSD) is a common outcome following stroke that is associated with poor recovery. To develop a preclinical
model of PSD, we targeted a key node of the depression–anxiety circuitry by inducing a unilateral ischemic lesion to the medial
prefrontal cortex (mPFC) stroke. Microinjection of male C57/BL6 mice with endothelin-1 (ET-1, 1600 pmol) induced a small (1 mm3)
stroke consistently localized within the left mPFC. Compared with sham control mice, the stroke mice displayed a robust behavioral
phenotype in four validated tests of anxiety including the elevated plus maze, light–dark, open-field and novelty-suppressed
feeding tests. In addition, the stroke mice displayed depression-like behaviors in both the forced swim and tail suspension test. In
contrast, there was no effect on locomotor activity or sensorimotor function in the horizontal ladder, or cylinder and home cage
activity tests, indicating a silent stroke due to the absence of motor abnormalities. When re-tested at 6 weeks post stroke, the stroke
mice retained both anxiety and depression phenotypes. Surprisingly, at 6 weeks post stroke the lesion site was infiltrated by
neurons, suggesting that the ET-1-induced neuronal loss in the mPFC was reversible over time, but was insufficient to promote
behavioral recovery. In summary, unilateral ischemic lesion of the mPFC results in a pronounced and persistent anxiety and
depression phenotype with no evident sensorimotor deficits. This precise lesion of the depression circuitry provides a reproducible
model to study adaptive cellular changes and preclinical efficacy of novel interventions to alleviate PSD symptoms.
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INTRODUCTION
Focal ischemic stroke can lead to both neurological symptoms,
including impairments in sensorimotor function and cognition,
and behavioral changes in anxiety, depression and emotionality.1–3

Within 3 months of a stroke, 20–50% of patients are diagnosed
with post-stroke depression (PSD) following a focal stroke can
persist for 41 year after diagnosis.4,5 Patients with PSD often
display both anxiety and depressive symptoms,6,7 leading to
decreased quality of life, increased mortality and heightened risk
of recurrent stroke or suicide.8–10 PSD is also associated with
cognitive decline11–14 and interferes with stroke recovery,15–17

leading to increased hospitalization and health care costs.18–20 In
addition to PSD associated with focal ischemia, PSD due to silent
strokes (vascular depression) is mainly associated with white
matter lesions,21 with a 10-fold greater prevalence compared with
overt strokes.22,23 When diagnosed, patients with PSD or vascular
depression are treated with antidepressants, such as serotonin-
selective reuptake inhibitors.6,24 However, these drugs take at least
3–4 weeks to elicit a clinical response and they are only 50%
effective in treating anxiety and depression, with only 30% of
patients achieving remission.25 Thus, there is a need for preclinical
models to develop improved treatment strategies.
There are several preclinical models of PSD in rodents and non-

human primates that have induced large infarcts involving both
cortical and subcortical gray and white matter and have reported
‘depressive-like syndromes’ characterized by varying degrees of
anxiety, despair and anhedonia.26 For example, the middle
cerebral artery occlusion (MCAO) model in combination with

chronic mild stress evokes stress- and stroke-induced behavioral
phenotypes that are amenable to antidepressant medications.27

However, the MCAO models are often associated with large and
variable lesions affecting large regions of cortex and striatum and
thus are confounded by pronounced motor impairments that can
interfere with assessments of depression and anxiety. Therefore,
one of our goals was to develop a reliable model of PSD that was
not associated with motor impairments and that persists over
time, to test relevant treatments.
Modeling PSD has been challenging due to the size and

variability in the location of stroke in patients diagnosed with
PSD.28 Specific focal lesions associated with PSD are rarely
identified since PSD is difficult to diagnose without overt physical
impairment. Although PSD is generally more frequent in subjects
suffering from left hemispheric lesions,12,29,30 recent reports have
found that right hemisphere lesions are also associated with PSD
during acute post stroke period (⩽3 months).31 Clinical studies
have additionally demonstrated that PSD is associated with lesions
involving cortico-limbic circuitry.32–35 In particular, recent studies
support a positive relation between PSD and damage to some
basal ganglion or frontal lobe structures including the medial
prefrontal cortex (mPFC).36 Furthermore, alterations in the activity
of the mPFC have been strongly implicated in depression-like
behavior,37–39 as well as projections between mPFC and the basal
ganglia and the nucleus accumbens.40,41 Given that large infarcts
that may impair mPFC function can induce depression and
anxiety, we tested whether a small unilateral focal stroke targeted
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to left mPFC would be sufficient to disrupt affective circuitry and
yield a potentially useful model of PSD.
To produce a focal stroke in the mPFC, we used the endothelin-1

(ET-1) model. ET-1 is a vasoconstrictor peptide that when injected
results in a discrete ischemic lesion by causing blood vessels
constrict acutely to reduce blood flow in the target area.42 The
ET-1 model was initially characterized in rats as a simple and
reproducible method of focal ischemia.42,43 More recently, others
have shown in mice that ET-1 can also be used to make a specific
lesion of the mouse motor cortex that is associated with
consistent locomotor impairments.44,45 In this study, ET-1 micro-
injection in the left mPFC in male C57/BL6 mice was used to
generate a unilateral and reproducible focal ischemic lesion,
resulting in a robust anxiety and depression phenotype that
persisted for at least 6 weeks without sensorimotor impairment.
These findings suggest that the ET-1 lesion to the mPFC may be
useful to examine changes in regional brain activity that lead to
the PSD phenotype, as well as to develop, test and optimize
treatments for PSD.

MATERIALS AND METHODS
Animals
Seventy one male C57/BL6, 10–11 weeks old (Charles River Laboratories,
Montreal, QC, Canada) weighing 25–28 g at the time of surgery were used
in this study. Mice were pair-housed in standard Plexiglass cages on a
12/12 h light/dark cycle with ad libitum access to food and water. Animals
were allowed to acclimate to the housing facility for 2 weeks prior to
surgery. Forty mice were tested in 2 cohorts of 20 mice for behavioral
assays based on published literature for these tests.46,47 For each cohort,
the mice were randomly divided into either the sham control (n= 10) or
stroke (n= 10) group and no blinding was done. For histology, 11
additional mice were used including n= 3 at 48 h and n= 4 at 1 week,
2 weeks, n= 4 per group; for 6 weeks post surgery 4 mice from the
behavioral cohort were used. A separate cohort of mice was used to test
depression-like behavior at 6 weeks post stroke (sham=10; stroke = 10).
The University of Ottawa Animal Care Committee approved all experi-
mental procedures in accordance with guidelines established by the
Canadian Council of Animal Care.

ET-1 injection
Mice were anesthetized with isoflurane (5% induction, 1.5–2% main-
tenance with oxygen 1 l min− 1) prior to stereotaxic surgery. During
surgery, body temperature was maintained between 36.5 and 37.5 °C
using a feedback homeothermic heating blanket. ET-1 (Calbiochem, San
Diego, CA, USA) was suspended in sterile water for complete solubility
(2 μg μl− 1 = 800 pmol μl− 1) by cold sonication at 4 °C for 15–20 min and
1.0 μl was injected using an infusion pump set at a rate of 0.20 μl min− 1.
ET-1 was injected at two sites within the left mPFC at the following
coordinates (in mm) relative to Bregma48 (Figure 1a): Injection 1, anterior–
posterior (AP), 2.0; medial–lateral (ML), +0.5; dorsoventral (DV), − 2.4;
Injection 2, AP 1.5; ML +0.5; DV − 2.6. At the end of the infusion, the needle
was left in place for 3 min before gradual withdrawal and closure of the
incision that was treated with 0.1 ml of 2% transdermal bupivacaine
(Chiron, Guelph, ON, Canada) as a topical anesthetic. Post surgery, the mice
were placed in a 37 °C incubator to maintain body temperature until they
regained mobility. At ~ 3 h post surgery, the mice were given a single
injection of buprenorphine (0.03 mg kg− 1 s.c., Reckitt Benckiser Pharma-
ceuticals, Richmond, VA, USA) for pain management and then returned to
their housing room. Sham control mice underwent the same procedures
except that the ET-1 was replaced with vehicle (sterile water).

Cresyl violet staining
At 2, 7, 14 or 42 days post surgery, mice were deeply anesthetized by
administration of Euthanyl (149.5 mg kg− 1 i.p., Bimeda-MTC Health,
Cambridge, ON, Canada) and transcardially perfused with phosphate-
buffered saline (PBS) 0.1 M, followed by 4% paraformaldehyde (PFA) in PBS,
pH 7.4. Brains were removed and post fixed in 4% PFA overnight at 4 °C,
then transferred to sucrose 30% (w/v) in 0.1 M phosphate buffer solution
until saturated. Coronal sections (25 μm thickness) were cut through the
mPFC and collected in 10 serial sections using a microtome. For each

animal, every fourth section throughout the mPFC lesion was stained with
cresyl violet (CV).49

Infarct volume assessment
Using ImageJ (NIH, Bethesda, MD, USA, http://imagej.nih.gov/ij/), the area
of contralateral and intact ipsilateral tissue remaining was measured for
every fourth serial coronal section (stained with CV) throughout the lesion
in mPFC. Infarct volume in mm3 was calculated as follows: Σ (area of
contralateral lesion tissue− area of intact ipsilateral tissue) × thickness of
the interval between sections.50

Magnetic resonance imaging
Magnetic resonance imaging (MRI) was done to visualize and verify early
lesion development in vivo using a 7T GE/Agilent MRI machine (Milwaukie,
WI, USA) at the University of Ottawa Preclinical Imaging Core Facility
(sham, n= 10, stroke, n= 10). At 4 days post stroke, a subset of animals
(n= 4–5 per group) was anesthetized with isoflurane in O2: induction at
3%, maintenance at 1.5% isoflurane. Serial MRI images were taken from the
PFC at 300 μm thickness. A fast spin echo pulse sequence was used with
repetition time= 4500 ms, effective echo time=13 ms, field-of-
view=3 cm, matrix size = 256× 256, slice thickness = 300 μm, number of
averages = 2, axial (transverse) image orientation and scan time=6 min.
Following MRI, the animals were placed in their home cage and observed
until recovery from anesthesia and then returned to the housing room.
Results of MRI imaging were also verified initially using TTC staining
performed immediately after scanning on same animals. Briefly, three to
four serial coronal sections (1-mm thickness) were prepared and stained in
saline containing 2% TTC (Sigma) at room temperature (RT)/dark for
30 min (data not shown) and the infarct size was classified as small as
defined previously (o20% of the hemisphere).51

Immunofluorescence
Coronal brain slices (25-μm thickness) of mPFC including cingulate cortex
(CG), infra- and pre-limbic mPFC (coordinates; Bregma +1.70 to
+1.54 mm)48 were obtained from brain tissue from PSD mice at 48 h
(n= 3) and 6 weeks (n= 3) post stroke. The sections were washed 3× in
PBS, blocked 1 h in PBS with 1% BSA, 10% NDS, 0.1% Triton X-100 followed
by 3-h incubation at RT with rabbit anti-IBa1 1:1000 (Wako, Richmond, VA,
USA, 019–19741), and goat anti-GFAP 1:500 (Santa Cruz, Dallas, TX, USA, sc-
6170) and mouse anti-NeuN 1:1000 (Millipore, Mississauga, ON, Canada,
MAB377). Sections were washed three times in PBS followed by 1-h
incubation at RT with Alexa Fluor 488 donkey anti-rabbit IgG, 1:1000 (Life
Technology, Beverly, MA, USA, A-21206); donkey anti-goat Cy5, 1:250 (Life
Technology, A-21447) and Alexa Fluor 594 donkey anti-mouse IgG, 1:200
(Thermofisher, Mississauga, ON, Canada, A-21203) in blocking solution.
Images of left mPFC were acquired with the Axiovision imaging software
(Carl Zeiss Canada, North York, ON, Canada) on a Zeiss Axio Observer D1
microscope (Carl Zeiss Canada).

Behavioral assays
Several validated behavioral tests measuring anxiety, depression and
sensorimotor deficits were performed at the UOttawa Behavioral Core
Facility in littermates following a unilateral PFC stroke. Mice were housed
under normal light conditions and tests were performed beginning at 1000
hours, 2 h after lights were turned on and at least 1 h after the mice were
habituated to the testing room. Testing was performed under white light
illumination with the exception of the forced swim test (FST) and cylinder
test (Cyl), which were performed under red light. All animals were of the
same age at the start of testing, and behavioral testing began at 1 week
post surgery and lasted up to 6 weeks post surgery, two cohorts n= 10 per
group. Tests used included the elevated plus maze (EPM), open field (OF),
FST, tail suspension (TS), novelty-suppressed feeding (NSF), beam break
(BBK), horizontal ladder, Cyl and light–dark test (LD) that were performed
according to the timeline presented (Figure 4a), although not all tests were
done in each cohort as indicated by n-values in figure legends. One
additional cohort (n= 10 per group) was used to test for FST at 6 weeks
post stroke. Throughout testing and behavioral analyses, experimenters
were blind to the treatment groups.

Elevated plus maze
EPM is a test that assesses anxiety-like behaviors.52 The mice were placed
in the center of an elevated two-arm plus maze, measuring ~ 20-cm high,
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~6-cm wide and ~ 75-cm long (Noldus, Wageningen, The Netherlands).
The arms of the maze are crossed with one arm having an open platform,
the other arm having a closed platform with walls that are ~ 20-cm tall.
Mice were placed in the maze with the head toward the closed arm of maze
and allowed to explore the maze for 10 min. The mouse movements were
videotaped and the time spent in closed and open arms was analyzed
(Ethovision 8, Noldus Information Technologies, Leesburg, VA, USA).

Open field test
The OFT measures exploration in response to a novel large open arena as a
measure of anxiety.46,47 The mice were placed in a corner of the arena
(45-cm long in each side and 45-cm high) and allowed to explore the new
environment for a total of 10 min at light levels of 300 lux. Mouse
movements were videotaped and the time spent in the center (24× 15 cm)

and corners (squares with 10-cm sides) of the OF arena was analyzed
(Ethovision 8).

Light–dark test
The light–dark paradigm is a measure of anxiety based on aversion to
bright light and exploratory behavior in a novel environment in the
presence of mild stressors.53 Mice were placed into the light–dark chamber
(Med Associates, St Albans, VT, USA), which is a box divided into two equal
areas measuring 27× 13.5 cm, with the dark area being completely black
and covered, whereas the open area is transparent. The chamber is housed
in a sound proof box that is additionally equipped with a fan and two
bright light bulbs that produce 390 lux white illumination. The mouse is
placed into the corner of the open area and allowed to move freely
between the two areas for 10 min through an opening between the two

Figure 1. Lesion location following ET-1 injection into left mPFC. (a) Representative microphotographs of CV-stained brain sections from a
representative ET-1-injected mouse showing cell loss at 48 h post surgery shown at low (×3.5) and high (×20) magnification of the lesion site
(box) with bregma locations indicated above. Scale bar, 400 and 50 μm. (b) A representative microphotograph of a CV-stained section of a
sham control showing a trace of the needle track (arrowhead) detectable on left (L) side compared with the right (R) at 3.5 × and 20 ×
magnification. Scale bar, 400 and 50 μm. (c) Quantification of ET-1-induced lesion volumes at 48 h post surgery through the longitudinal axis
of the lesion according to bregma locations (sham, n= 3; stroke, n = 3). (d) ET-1 lesion site visualized in vivo by MRI. Shown is a representative
7 T MRI image done in an anaesthetized living mouse at 4 days post stroke showing a 300-μm MRI section in which the lesion site is visualized
and limited to the left mPFC (left, L; right, R); n= 4–5 per experimental group. (e) Comparison of lesion size in MRI versus CV staining. Images
obtained from in vivo MRI scanning or post-mortem CV staining of the same mice were quantified at two different distances from Bregma.
Infarct volumes showed low variability and did not differ between the two measures. n = 4. CV, cresyl violet; ET-1, endothelin-1; mPFC, medial
prefrontal cortex; MRI, magnetic resonance imaging.
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chambers. The distance traveled in each zone, the total number of
transitions, the time spent in each zone and the latency to enter the light
compartment were recorded by using photo beam-based video-tracking
software (Med Associates).

Novelty suppressed feeding test
The NSF test was used to assess anxiety-related behaviors.54 Briefly,
animals were food deprived for 16 h. After 3 min of habituation they were
placed in a new cage. Animals were individually placed in an arena (45-cm
long in each side and 45-cm high; 100 lux) with a food pellet placed in the
center. The latency of the mice to begin eating food was recorded
manually and immediately after mice chewed the food or after 10 min had
expired for the trial, the mice were removed from the arena and placed in
their home cage and the amount of food consumed in 5 min was
measured.

TS test
The TS test measures stress coping response.55 For this test, the mouse TS
boxes from Med Associates were utilized and the tail of the mouse was
secured with tape to a horizontal bar and the animals were suspended for
6 min. The automated detection device (ENV-505TS Load-Cell Amplifier,
Med Associates, Fairfax, VT, USA) was used to determine mobility and
immobility time through Med Associates software.

Forced swim test
The FST is used for assessing antidepressant-like activity.55 The animals
are subjected to an inescapable swim stress for a short period of time.
Briefly, each mouse was placed into clear plastic cylinder 22 cm in

diameter and 37-cm deep filled with 4 l of 24 °C water. The mouse
was videotaped from the side of the cylinder for 6 min under red
lighting and the duration of mobility and immobility time was quantified
using Ethovision XT automated video-tracking software from Med
Associates.

Home cage locomotor activity
Mice were placed into a novel home cage for 30 min and activity was
measured by number of breaks of an invisible infrared light beams located
on a frame surrounding the animal cage using the home cage locomotor
activity system56 (Omnitech Electronics, Columbus, OH, USA).

Horizontal ladder test
Horizontal ladder is a locomotor test used to evaluate forelimb and hind
limb stepping, placing and coordination.57 The animals were trained (1
trial) and tested (3 trials) to walk on a horizontal ladder (composed of two
clear Plexiglas walls (69.5 × 15 cm) containing 121 metal rungs (0.15 cm in
diameter, 2 cm from bottom of wall), spaced regularly (1 cm apart) or
irregularly (0.5–2.5 cm apart)) while being video recorded. The number of
successful and slips or missed steps were quantified.

Cylinder test
The cylinder test is used to assess sensorimotor function of the forelimb.44

Mice were placed into a glass cylinder (10 cm diameter, 15-cm high) under
red light condition and video recorded. Mice were required to perform a
minimum of 20 rears at which time the test ended. The amount of time
each limb was used to support the mouse throughout rearing was
manually quantified.

Figure 2. Quantification of infarct volume over time. (a–c) Quantification of ET-1-induced lesion size by CV staining over time. Representative
microphotographs of CV-stained brain sections of sham and ET-1 lesions in left (L) mPFC versus right (R) mPFC at 2 weeks (a) or 6 weeks (b)
post stroke. High magnification (20x) images of the lesion site (box) are shown. At 2 weeks post stroke, an infarct with cell loss restricted to the
left mPFC is visible, but is no longer observed at 6 weeks post stroke in any sub-regions of the left mPFC. Scale bar, 400 μm; 50 μm. (c) Infarct
volume as quantified from CV-stained sections from sham and ET-1-injected mice at 48 h (n= 3), 1 week (n = 4), 2 weeks (n= 4), and 6 weeks
(n= 4) post surgery (mean± s.e.m.) ****Po0.001 sham versus stroke; Po0.001 sham group at 6 weeks versus the other sham time points,
Po0.001, stroke at 6 weeks versus all other stroke time points. CV, cresyl violet; ET-1, endothelin-1; mPFC, medial prefrontal cortex.
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Statistical analyses
All analyses were done using the Statistical Package for the Social Sciences
(GraphPad Prism version 6.00 for Windows, GraphPad Software, La Jolla,
CA, USA; www.graphpad.com). Data are expressed as mean± s.e.m. Using
the ROUT method in GraphPad Prism to identify outliers, one subject in TS
and two subjects in EPM and FST, 6 weeks post stroke, were excluded from
analyses. The behavioral data for the two cohorts of mice tested were not
significantly different and therefore all data shown is the combined data
from the two cohorts. Data comparing the sham and stroke mice on one
outcome measure were analyzed using an unpaired t-test. One-way
analysis of variance followed by Dunnett’s multiple comparisons test was
performed for comparing infarct volume at different time points.

RESULTS
ET-1-induced infarct within the mPFC
ET-1 was microinjected sequentially in two locations within the
left mPFC and at 48 h post ET-1 injection a focal lesion confined to
the left mPFC was observed (Figure 1a). The lesion was signifi-
cantly different from sham control mice that had only minimal

needle track injury (Figure 1b). In the stroke mice, the lesion
included all sub-regions of the mPFC including CG, pre-limbic and
infra-limbic areas (Figure 1a). Detailed analysis of the location of
the lesion through the longitudinal axis of the brain also showed
very little variability between mice, and a peak in infarct volume
between Bregma +1.54 and +1.78 (Figure 1c). In addition, MRI
analysis was done on a subgroup of each cohort used for
behavioral studies to visualize and confirm successful and
accurate lesion of the left mPFC in vivo (Figure 1d). The MRI data
showed consistent lesions, with similar average volume to that
obtained by CV staining (Figure 1e). Thus, the ET-1-induced lesions
were small, precise and reproducible, and no animals died or were
excluded.
The size of the ischemic lesion at later times during which

behavior was studied was determined. Examination of the stroke
lesion site at 2 weeks post ET-1 injection (Figure 2a) revealed no
significant change in lesion volume compared with either 48 h or
1 week post ET-1 injection (Figure 2c). In contrast, the lesion cavity
was no longer evident at 6 weeks post stroke (Figures 2b and c).
To determine the phenotype of the cells located within the lesion

Figure 3. Cellular changes in the ischemic lesion site over time. Brain sections of the left mPFC (Bregma +1.54) were examined by
immunofluorescence at the (a) cingulate gyrus (CG) and (b) pre- and infra-limbic cortex from mice 48 h (left) or 6 weeks (right) following ET-1
microinjection in left mPFC. Representative images of sections stained with anti-IBa1 (microglia), GFAP (astrocyte) and NeuN (neurons). At 48 h
post stroke, the lesion site had IBa1-expressing cells in the absence of NeuN-expressing cells (left panels). In contrast at 6 weeks post stroke,
the lesion site had NeuN-expressing cells in absence of IBa1 cells (right panels). Scale bar, 20 μm (48 h, n= 3; 6 weeks, n= 4). ET-1, endothelin-1;
mPFC, medial prefrontal cortex.
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Figure 4. Anxiety and depression phenotype in stroke compared with sham mice. (a) Timeline for behavioral studies post stroke. After ET-1-
induced lesion of the left mPFC (day 0), a battery of tests was conducted from 1–6 weeks post lesion, including: BBK, beam break; Cyl, cylinder
test; EPM, elevated plus maze; FST, forced swim test; HL, horizontal ladder test; LD, light dark; NSF, novelty-suppressed feeding test; OF, open
field; TS, tail suspension. One or both cohorts were run on selected tests as indicated. (b) EPM: stroke mice spent significantly less time in the
open arm and increased time in the closed arm duration compared with sham mice (single mouse tracking shown at right). Sham n= 20;
stroke n= 20. (c) OF: the stroke mice spent significantly less time in center and more time in corner of the open field compared with sham
mice (single mouse tracking shown at right). Sham n= 10; stroke n= 10. (d) LD: the stroke mice spent significantly less time in light zone of the
light dark box compared with sham mice (single mouse tracking shown at right). Sham n= 10; stroke n= 10. (e) NSF: the stroke mice had a
longer latency to feed compared with sham mice. The total food consumption in 5 min in the home cage was not different between stroke
(n= 10) and sham mice (n= 10). (f) TS: the stroke mice had significant more immobility compared with sham mice on tail suspension test. (g)
FST: the stroke mice showed significantly more immobility compared with sham mice on forced swim test. Data represent mean± s.e.m.;
sham, n= 20, stroke, n = 20. *Po0.05; **Po0.01; ***Po0.001. ET-1, endothelin-1; mPFC, medial prefrontal cortex.
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site, brain sections including both left CG (Figure 3a) and limbic
cortex (Figure 3b) were analyzed by immunohistochemistry using
antibodies for markers expressed in either microglia (IBa-1),
astrocytes (GFAP) or neurons (NeuN). At 48 h post stroke, the
lesion site had mainly IBa-1- and GFAP-positive cells, with few
NeuN-positive cells at the lesion periphery, as shown in Figure 3
(left panels) and quantified in Table 1. By contrast, at 6 weeks
post stroke, few IBa-1- or GFAP-positive cells were detected
at the periphery of the lesion, while the lesion site was largely
populated with NeuN-positive cells (Figure 3, Table 1). These

results suggest that the ischemic lesion initially triggers a glial
response with activation and invasion of microglia and astrocytes,
followed by infiltration of neuronal cells expressing NeuN within
the lesion by 6 weeks post stroke.

Anxiety and depression phenotype following infarct of the left
mPFC
To determine whether unilateral stroke in the left mPFC was
sufficient to elicit anxiety- or depression-like behavior or altered
motor function, sham and stroke mice were compared using
multiple behavioral tests.58 Beginning at 1 week after ET-1
injection, the mice were tested for anxiety- and depression-like
behavior sequentially, with the least stressful anxiety tests first,
then for locomotor function, at times shown in the timeline
(Figure 4a).
In each of the behavioral tests, the stroke mice displayed a clear

phenotype compared with sham controls. In the EPM test, the
stroke mice had a significant 80% reduction in open arm duration
(Figure 4b). In the OF test, the stroke mice spent significantly less
time in center of the arena and more time in corners of the arena
compared with control mice (Figure 4c). In the light–dark test, the
stroke mice also had a significant reduction time spent in light
zone compared with control mice (Figure 4d). In the NSF test, the
stroke mice displayed significantly greater latency to feed in novel
cage while similarly consumed food in home cage (Figure 4e). On
the TS test, the stroke mice had significantly greater immobility
time compared with controls (Figure 4f). Stroke mice also showed

Figure 5. Persistent behavioral phenotype without locomotor impairment in stroke mice. (a–c) Locomotor/sensorimotor tests. (a) Activity test:
the total locomotor activity when placed in a novel cage was monitored for 30 min and was not different between sham and stroke mice. (b)
Cylinder test: no differences in time spent on contralateral and/or ipsilateral paw were detected using the cylinder test between stroke and
sham mice. (c) Horizontal ladder test: no differences in correct foot placement or foot faults were observed between stroke and sham mice
(LFL, left forelimb; LHL, left hind limb; RFL, right forelimb; RHL, right hind limb.). Data represent mean± s.e.m.; sham, n= 10; stroke, n = 10. (d, e)
Anxiety and depression tests at 6 weeks post stroke. (d) EPM, week 6: after 6 weeks, EPM was repeated and stroke mice displayed reduced
open arm and increased closed arm duration compared with sham mice, indicating a persistent anxiety phenotype that does not
spontaneously recover (single mouse tracking shown at right). Sham, n= 20; stroke, n= 20. (e) FST, week 6: in a separate cohort at 6 week post
stroke, the stroke mice displayed greater immobility duration compared with sham mice (sham, n = 10; stroke, n = 10). *Po0.05; **Po0.01;
****Po0.001. EPM, elevated plus maze; FST, forced swim test.

Table 1. Quantification of cellular changes in the ischemic lesion site
over time

Left cingulate gyrus Left pre/infra-limbic cortex

48 h 6 weeks 48 h 6 weeks

IBa-1 63 ± 4.4 19.7 ± 2.7*** 113 ± 10.0 23.3 ± 3.5***
GFAP 1.3 ± 0.3 19.0 ± 3.8** 46.3 ± 6.1 7.0 ± 1.5**
NeuN 5.0 ± 1.5 266 ± 22** 31.7 ± 4.5 311 ± 40**

Sections of the left medial prefrontal cortex frommice at 48 h (n=3) or 6 weeks
(n=4) post stroke were stained with anti-IBa-1 (microglia), GFAP (astrocyte) and
NeuN (neurons), as shown in Figure 3. The number of cells per section within
the left CG or pre- and infralmbic cortex were quantified and presented as
mean values± s.e.m. **Po0.01; ***Po0.001, compared with 48 h.
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significantly greater immobility in the FST compared with control
mice (Figure 4g). Overall, these behavioral analyses show a very
strong anxiety- and depression-like phenotype in the ET-1-
lesioned mice in all tests compared with sham control mice.

Intact locomotor activity and sensorimotor performance following
lesion to the mPFC
Because the ET-1-induced lesion was restricted to the left mPFC
and did not include the sensorimotor cortex, we hypothesized
that locomotor activity and sensorimotor function would not be
affected. In agreement with this hypothesis, locomotor activity
monitored by total distance moved in both in the EPM (total
activity, sham versus stroke; 476 ± 35.8 cm versus 482 ± 20.8 cm)
and OF tests (total activity, sham versus stroke; 3789 ± 127.2 cm
versus 3579 ± 168.5 cm) (Figures 4b and c) did not differ between
stroke and control mice. Furthermore, there was no difference in
number of BBKs between the stroke and sham mice up to 30 min
after placement into a novel cage during the home cage activity
test (Figure 5a). Together, these findings indicate the stroke mice
show normal locomotor activity.
Sensorimotor function was assessed using the cylinder and

horizontal ladder tests that are highly sensitive to ischemic lesions
of sensorimotor cortex.44,50,59 In the cylinder test, stroke and
sham mice spent an equal amount of time with the contralateral
(right) and/or ipsilateral (left) forelimb paw on the wall (48 versus
50%) (Figure 5b). Similarly, in the horizontal ladder test the
stroke and sham mice made almost no foot faults (about 2%) on
the fore- or hind-limbs of ipsi-/contralateral sides (Figure 5c).
Together, these tests suggest that the stroke in the mPFC did not
induce impairment in sensorimotor function, as seen in silent
strokes.

Persistent behavioral phenotype in stroke mice
Since histological assessment suggested that cellular remodeling
of the lesion site had occurred at 6 weeks post stroke, we
addressed whether the behavioral phenotype was still present at
6 weeks post stroke. When re-tested in the EPM, the stroke mice
showed a significant 80% reduction in open arm time compared
with sham mice (Figure 5d), similar to the phenotype observed in
these mice at 1 week post stroke (Figure 4b). In a separate cohort
of mice tested in the FST at 6 weeks post stroke, the stroke mice
displayed about 50% increase in immobility compared with sham
(Figure 5e). These results indicate that at 6 weeks post stroke, the
stroke mice display both anxiety- and depression-like behavior.
The retention of the anxiety and depression phenotype in the
stroke mice indicates that the cellular remodeling of the infarct in
the left mPFC at 6 weeks post stroke is not associated with
functional recovery.

DISCUSSION
Emotional disturbances associated with PSD, such as lack of
motivation, depressed mood, agitation and anxiety, are common
after stroke.3 Current antidepressant treatments result in remission
in only 30% of depressed patients, hence improved preclinical
ischemic models are needed to develop and optimize therapies
for PSD.26 Herein, we have developed a mouse model of PSD
using unilateral microinjection of ET-1 into the left mPFC. This
results in a very small stroke that is associated with a persistent
depression- and anxiety-like phenotype in the absence of motor
deficits.
The manifestation of PSD in humans has been associated with

lesions located in the mPFC–midbrain–limbic circuitry that is
implicated in depression and anxiety.36,60–62 The PSD mouse
model developed here is relevant more generally to PSD following
larger overt strokes that affect the PFC–subcortical circuitry.
Although strokes restricted to the mPFC are rare in humans, we

targeted this region to determine the outcome of an ischemic
lesion in the mPFC, given that this region has been implicated in
PSD.61–65 We also decided to use mice to generate a model that
could exploit the large variety of conditional and inducible gene
knockout mouse strains for future studies to further investigate
the role of cellular remodeling and circuitry changes in PSD.
Our results suggest that unilateral lesion of the PFC is sufficient
to induce a robust anxiety and depression phenotype, in the
absence of infarct in other cortical and subcortical gray and white
matter.
Our model of unilateral mPFC lesion may also have implications

in understanding why the prevalence of vascular depression
increases with the number of white matter lesions, since these
lesions can progressively disrupt connections between the mPFC
and subcortical nuclei.32–35 By disrupting the axons, white matter
strokes also may induce retrograde damage to projection neurons
in the mPFC, including neurons and their axons that are targeted
in our unilateral lesion model. However, animal models of white
matter lesions leading to anxiety and depressive symptoms are
yet to be reported. Although the etiology may differ, our model
may be useful for understanding the progression and treatment of
silent white matter strokes.

Unilateral ischemia in the mPFC as a model of PSD
The PSD mouse model we describe was generated by microinjec-
tion of ET-1 in the left mPFC. In addition, because a symmetric
bilateral stroke would be extremely rare clinically, a unilateral
rather than bilateral stroke has greater clinical relevance. The left
side was targeted since left MCAO in rodents, and left hemisphere
stroke in humans is more strongly associated with PSD, and is
followed by other poorer stroke outcomes associated with PSD.26

Since this ET-1 ischemia model specifically targets the left mPFC, it
has several major advantages compared with the often utilized
MCAO stroke model.26 With the MCAO model, the stroke lesion is
often large, and produces inconsistent infarct size unless occlusion
durations are very long, due to inherent inter-animal variations in
the collateral blood supply.26,66 In our model, we have obtained
very low variability in lesion size and location between mice
(Figure 2) and there was no mortality. Unlike some MCAO models,
there was no need to combine mPFC lesion with chronic mild
stress to observe depression-like behavior.27 In addition, the small
ET-1-induced lesion was limited to the left mPFC and did not
result in detectable locomotor or sensorimotor impairment. In
contrast, the MCAO model is generally associated with sensor-
imotor impairments that can confound standard behavioral
measures used to detect emotional function that rely on
sensorimotor function, including assays used in this study.66

Electrolytic or excitotoxic lesions have previously been used to
selectively ablate mPFC67,68 but can have distinct consequences.69

However, these lesions do not mimic the key characteristics of an
ischemic lesion of a reversible loss of blood supply that may lead
to long-term behavioral impairments that are potentially rever-
sible. Thus, we believe that the ET-1 stroke model is superior to
mimic the key aspects of stroke-induced injury.
Microinjection of ET-1 (400 pmol) is widely used and has been

reported as a simple and reproducible method of focal ischemia
that in rats produces lesions 14–20 mm3 in size.43,70 In contrast, in
mice the use of ET-1 has been more limited and the results are
more variable.44,45,51 In this study we used a total amount of 4 μg
(1600 pmol) of ET-1, compared with the administration of 1 μg
(400 pmol) that has been used in mice by others.35,39 Consistent
with previous reports,51,71 our pilot studies confirmed that
microinjection of 1 μg of ET-1 produced minimal lesions in
C57/BL6 mice (data not shown). Our preliminary studies showed
that to optimize consistent drug delivery and avoid denaturation
and incomplete solubility that could account for inconsistent
results, a high concentration of ET-1 is completely solubilized in
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sterile water using sonication at 4 °C for 15–20 min, rather than in
saline by vigorous vortexing (data not shown). Our results indicate
that higher concentrations of ET-1 are necessary to obtain
consistent and reproducible focal ischemic lesions in mice
compared with rats.
To validate the PSD phenotype in sub-chronic and chronic

phases following stroke, we have followed best practice guidelines
for testing mouse behavior, which includes using: (i) more than
one behavioral test; (ii) using tests that have construct and face
validity, as well as outcomes that are objective, reproducible and
sensitive enough to detect a long-term deficit.56,72 The ET-1-
induced ischemic lesion of the left mPFC produced a significant
anxiety phenotype detected in all four tests: EPM, OF, LD and NSF;
and a behavioral despair phenotype in both the TST and FST. Thus
this is a robust phenotype that can be detected in all measures
used to detect anxiety and depressive-like behaviors.
Recently, large bilateral ischemic lesions to the PFC in the rat

and mouse have been found to induce learning and memory
deficits.73,74 Given the role of the mPFC in cognitive function64 and
the association of impaired cognition with anxiety and depression
in left hemisphere clinical stroke,12 it would be interesting to test
whether our unilateral lesion of the left mPFC is sufficient to elicit
cognitive deficits. Results of MCAO ischemia in rodents have
suggested a laterality with increased locomotor activity after right
MCAO and anxiety after left MCAO, but others have not seen
increased locomotion or anxiety.26 This inconsistency may reflect
the variability of MCAO strokes in different studies. A recent study
in rats found that bilateral ET-1-induced lesion of the rat mPFC
showed no change or reduced anxiety in the light–dark or OF test,
but did show cognitive impairment.73 The robust behavioral
phenotype obtained with discrete unilateral lesion in the left
mPFC compared with larger bilateral lesions, could suggest that
anxiety and depression phenotypes may be more pronounced for
unilateral lesions, but this remains to be further tested.

Cellular changes at PSD lesion site fail to rescue behavior
An additional goal of this study was to establish a stroke model
with a persistent behavioral phenotype to study and optimize
recovery from PSD. In many animal models, lesion size has been
used as a measure of stroke severity without functional
assessment.26 On the other hand, clinical studies focus on
functional recovery outcomes following stroke, which are not
often correlated with infarct volume.75–77 Our ET-1-induced stroke
model displays a strong depression and anxiety phenotype that
persists for at least 6 weeks post stroke, while at this time the
lesion site in the left mPFC is barely detectable by CV staining. In
addition, by 6 weeks post stroke the microglia that were observed
at 48 h post stroke had largely vacated the lesion and a large
number of neurons were found in the previous location of the
lesion. Shrinkage of the lesion site could explain the repopulation,
but tissue shrinkage in response to ischemia appears to involve
brain atrophy.78 The initial glial reaction suggests that an active
remodeling of the lesion may be occurring to allow neurons to
migrate from adjacent tissue (penumbra) or from neurogenic sites,
although mainly newborn glia reach the stroke site.79 This
neuronal repopulation is in contrast to what is found in ET-1
ischemic lesions that are 10- to 500-fold larger, in which lesion site
forms a glial scar populated by astrocytes and microglia that may
prevent repopulation by neurons.80 Furthermore, most studies
examine lesions at earlier times than 6 weeks post stroke that may
not be sufficient to observe refilling of the lesion, as we observed
no change in the lesion size at 2 weeks post stroke. Despite the
presence of neurons within the lesion site, the stroke mice show
persistent anxiety and depression behavior at 6 weeks post stroke.
The observed dissociation between lesion size and behavioral

recovery in this PSD preclinical model indicates that the neurons
within the lesion site are not correctly integrated in neural

networks to restore behavior. This result highlights the importance
of measuring functional outcomes of recovery rather than lesion
size as an index of recovery in preclinical animal studies, similar to
what is done in clinical stroke studies.77,81 Because after 6 weeks the
behavioral phenotype did not improve, the NeuN-expressing
neurons that infiltrated the stroke lesion did not appear to be
integrated into the behavioral circuitry, and this could be verified
using electrophysiological analysis. Therapeutic strategies to
enhance integration of these neurons and promote recovery could
be assessed in future studies. In addition, altered activity through
diaschisis of brain regions that are connected to the mPFC may
contribute to the behavioral phenotype,82 which remains to be
addressed in this stroke model. By identifying stroke-induced
activity changes in the anxiety-depression circuitry over time, it may
be possible to modify abnormal activity to normalize behavior. In
this regard the impact chronic antidepressant treatment on the
behavioral phenotype and brain activity may help elucidate
whether this PSD model displays a similar or different treatment
response compared with models of stress-induced depression.

CONCLUSION
Taken together, we have shown that injection of ET-1 into the left
mPFC of mice produces a robust model of PSD associated with
persistent anxiety- and depression-like behavior suitable for
preclinical work aimed to improve PSD recovery outcomes.
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