
Establishment of a Modified and Standardized Ferric Chloride-
Induced Rat Carotid Artery Thrombosis Model
Xiao Lin, Peiqi Zhao, Zhongxiao Lin, Jiayu Chen, Lebohang Anesu Bingwa, Felix Siaw-Debrah,
Peng Zhang, Kunlin Jin, Su Yang,* and Qichuan Zhuge*

Cite This: ACS Omega 2022, 7, 8919−8927 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Background: Ferric chloride is widely utilized in
inducing thrombosis in small vessels of experimental animals.
However, the lack of its application in large blood vessels of
experimental animals and inconsistent concentration has limited its
application. Therefore, we systematically tested the most suitable
concentration and reliable induction time in the experiment of
using ferric chloride to induce rat carotid artery thrombosis.
Methods: In this study, we selected the common carotid artery of
59 Sprague−Dawley rats as the target vessel. The exploration
process was divided into three stages. First, to determine the
optimum induction concentration, we compared the effects of 30−
60% ferric chloride on thrombus formation within 24 h. Second, to
confirm the handling time, we tested different induction times from 3 min to 10 min. Lastly, we used the thrombolytic drug rt-PA to
detect whether the formed thrombus can be lysed. Doppler blood flow imaging and H−E staining were employed to estimate the
blood flow and thrombus. The ATP levels in the brain were measured using a bioluminescence ATP assay kit. Results: We found
that the application of 50% ferric chloride for 10 min was enough to successfully induce thrombosis in the rat carotid artery and
without spontaneous thrombolysis after 24 h. It is better than other concentrations and will lead to the decline of the ATP content in
the ischemic hemisphere. Conclusions: Our results indicate that the rat carotid artery thrombosis model induced by 50% ferric
chloride for 10 min is stable and reliable.

1. INTRODUCTION

Stroke has become one of the pathologies posing tremendous
socioeconomic burden, with the highest collective morbidity,
disability, and death rate.1,2 Ischemic stroke accounts for more
than half of all stroke cases, and it has become the main cause
of death and disability, with no effective treatment. Currently,
the main treatment approach encompasses the use of cerebral
protective agents and thrombolytic drugs.3 Among the
thrombolytic drugs, urokinase, alteplase (rt-PA), and tenecte-
plase have proven to be effective, with rt-PA being the most
commonly used drug in clinical practice.4 It is currently
believed that thrombolytic therapy within 4.5 h after the onset
of stroke symptoms is relatively effective.5 Regrettably, less
than 10% of the ischemic patients could benefit from rt-PA
administration owing to its strict time window. Nowadays,
increasing studies focus on how to extend the time window of
rt-PA and discover novel thrombolytic drugs, which require
credible vascular thrombosis animal models.
Preclinical thrombolytic drug development requires throm-

bolytic drug experiments in small animal models and
subsequently in nonhuman primate models. At present,
vascular thrombosis induction methods employed in thrombo-

lytic drug experiments mainly include the injection of
autologous thrombus,6 artery−vein bypass thrombosis,7

vascular ligation,8 electrolysis-induced vascular injury,9 photo-
chemically induced thrombotic occlusion,10 and ferric chloride
thrombotic induction.11 As a method recently discovered in
the last twenty years, ferric chloride has been widely used in
small animal vessels, especially in the mouse carotid artery and
middle cerebral artery (MCA) models.12,13 Research has found
that the main mechanism behind ferric chloride-induced
thrombosis involves causing local vascular endothelial cell
detachment and exposing basement membrane components to
circulating blood cells; meanwhile, large amounts of iron ions
accumulate on endothelial cells and then encourage platelets
and the tissue factor to attach to the surface, forming
aggregates. This process leads to the thrombin reaction and
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eventually induces thrombosis.14 Studies have also demon-
strated that the thrombus induced by ferric chloride is sensitive
to anticoagulants and antiplatelet drugs.15,16

In order to meet the thrombolytic needs after embolization
of large vessels, researchers attempted to focus on the MCA
and the common carotid artery (CCA) of rats. However, larger
arterial diameters required higher ferric chloride concen-
trations and longer induction times. Calculating the induction
time was usually used to judge success or failure in establishing
thrombosis, with the application of a Doppler flowmeter to
detect blood flow or measure changes in blood vessels under
direct observation with intravital microscopy.11 However, there
are some problems. Researchers usually ignore the change in
thrombosis after removing the ferric chloride solution or filter
paper. Most of the researchers only observed the effect of
thrombosis during the induction time. Other problems include
the induction time ranging from 5 min to 1 h, as well as
different induction methods (direct dripping of the ferric
chloride solution and paper sticking), solution concentration
from 30% to 60%, and so forth.17−22 These factors have led to
a uniform standard for ferric chloride-induced carotid artery
thrombosis, which makes it difficult to compare the results
between different trials and the efficacy of thrombolytic drugs
or antithrombotic drugs.
In order to minimize the influence of these different factors

and take into account the follow-up effect after the induction
of ferric chloride, it is necessary to improve the method and
systematically test the influence of different concentrations and
induction times. In this study, to set up a stable, reproducible,
and consistent model without the autolysis of the thrombus in
a shorter induction time, we improved the model of ferric
chloride-induced CCA thrombosis so that the thrombosis
could be highly reproducible. We verified the effect of the
thrombus induced by different concentrations at different
induction times through a series of comparative experiments
for a long term and selected the optimal concentration and

induction time. Meanwhile, fibrinolytic ability within the
thrombolytic time window was evaluated by the intravenous
injection of rt-PA and the nature of the thrombus was assessed
by hematoxylin−eosin (H−E) staining. Changes in the
adenosine triphosphate (ATP) content in the brain after
CCA embolization were detected using an ATP assay kit.

2. MATERIALS AND METHODS

2.1. Animals and Groups. All Sprague−Dawley (SD) rats
weighing 350−450 g were purchased from Slaccas Exper-
imental Animal Limited Liability Company (China, Shanghai),
with free access to water and food. All rats were kept in a
temperature-controlled cage, with a 12 h light/dark cycle. All
animals used in the study, experimental protocols, and
procedures were approved and were in accordance with
guidelines set by the animal Ethics Committee of the First
Affiliated Hospital of Wenzhou Medical University (Permit
number 2021,0193), following the National Institutes of
Health regulations for laboratory animal use.
54 SD rats (male) were randomly reared in 18 different

groups. Five more SD rats (male) were selected to detect the
ATP content in the brain tissue after induction of the carotid
artery thrombus with selected optimal conditions. The
experiment schedule was divided into three stages (Figure
1a). The first stage compared the thrombus induction
efficiency among ferric chloride concentrations ranging from
30 to 60%. The comparison was set as follows: (A1) 30% ferric
chloride solution for 10 min, (A2) 30% ferric chloride solution
for 20 min, (A3) 40% ferric chloride solution for 10 min, (A4)
40% ferric chloride solution for 20 min, (A5) 50% ferric
chloride solution for 10 min, (A6) 50% ferric chloride solution
for 20 min, (A7) 60% ferric chloride solution for 10 min, and
(A8) 60% ferric chloride solution for 20 min. The second stage
focused on the incubation time. The time course was set as
follows: (B1) 3, (B2) 5, (B3) 8, and (B4) 10 min. The third
stage involved detecting whether the ferric chloride-induced

Figure 1. (a) Schematic diagram of the exploratory experiment: the experiment was divided into three stages. The first stage compared the
thrombus induction efficiency of 30, 40, 50, and 60% ferric chloride-soaked filter wrapped around the right carotid artery for 10 and 20 min. The
second stage compared the efficiency of thrombus induction when 50% ferric chloride was exposed to the right carotid artery for 3, 5, 8, and 10
min. The third stage investigated the thrombolytic effect of rt-PA injected at 1.5 and 3 h after the induction of thrombosis for different exposure
times. (b) shows the rat carotid artery as viewed under the microscope. The black arrow indicates the dissected carotid artery; a ferric chloride-
soaked filter paper wrapped around the carotid artery after operation. (c) Doppler blood flow imaging, camera image, and laser speckle images.
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thrombus can be dissolved using rt-PA and the thrombolysis
time window postoperation. The comparison was divided as
follows: (C1) 5 min group postoperation 1.5 h thrombolysis,
(C2) 8 min group postoperation 1.5 h thrombolysis, (C3) 10
min group postoperation 1.5 h thrombolysis, (D1) 5 min
group postoperation 3 h thrombolysis, (D2) 8 min group
postoperation 3 h thrombolysis, (D3) 10 min group post-
operation 3 h thrombolysis.
2.2. Induction of CCA Thrombosis in Rats. To explore

the optimal treatment concentration and the most suitable
time to form a stable thrombus by induction with the ferric
chloride solution, the SD rats were anesthetized with 2%
isoflurane and fixed in the supine position. The skin,
subcutaneous fascia, and muscles were cut through a median
neck incision (3 cm), and the sternocleidomastoid muscle was
exposed; then, the right CCA was bluntly dissected away from
surrounding fascia and tissue for full exposure. A filter paper
with a width of 2 * 4 mm was soaked in ferric chloride (m/v,
Sigma, 236489, USA, dissolved in deionized water) solutions
of different concentrations for 1 min, and excess solution was
scraped off the surface. After placing a small piece of
nonabsorbent paper (or plastic wrap) under the blood vessel
to protect the surrounding tissue, the soaked filter paper was
wrapped around the carotid artery (wrapping a circle is more
adequate than attaching the side wall of blood vessel or
dripped solution on surface) for the required time (Figure 1b).
After removing the filter paper, the incision was closed,
sutured, and disinfected with iodophor. After operation, the
rats were returned to the cage for resuscitation.
2.3. CCA Thrombolysis Test. To detect whether the ferric

chloride-induced carotid thrombus could be dissolved by a
thrombolytic drug, we injected a recombinant tissue
plasminogen activator (rt-PA, Actilyse, Boehringer Ingelheim,
Germany) through the tail vein at a dose of 10 mg/kg. 10% of
the total dose per rat was given as a rapid bolus within 1 min,
and the remaining 90% was maintained for 30 min through a
microinjection pump. The dose of rt-PA and the method of
administration of the drugs to treat cerebral ischemia are
similar to clinical medication.23

2.4. CCA Blood Flow Detection. Blood flow was detected
using PeriCam PSI (Sweden), which employs a near infrared
laser to detect and at the same time visualize blood flow in real
time (Figure 1c). We detected the carotid blood flow of the rat
carotid artery at 1, 2, 3, and 24 h after operation (after
wrapping with a ferric chloride-soaked filter). Meanwhile, the
carotid blood flow in the rt-PA injection group was recorded at
1 h (rt-PA 1 h), 2 h (rt-PA 2 h), and 24 h after injection. The
blood flow rates at each time point were recorded. Taking into
account the anesthesia condition, the detection time point was
slightly different. In this experiment, we considered a successful
arterial occlusion (TTO) as the postoperative blood flow/
preoperative blood flow ratio was less than 10%.
2.5. H−E Staining of Blood Vessels. 24 h after carotid

artery thrombosis, the rats were euthanized after routine
anesthesia. The postoperative right carotid artery was
separated, both ends ligated, and then cut at a length of 0.5
cm. After that, the vessel was soaked in 4% paraformaldehyde
for 24 h then dehydrated in different ethanol gradients every
other day, and finally embedded in paraffin. Also, the carotid
artery was cut at a thickness of 20 μm using a paraffin
microtome (Leica, Germany). H−E staining was performed on
blood vessel slices. The images were obtained using a scanning
fluorescence microscope (Leica DMi8, Germany).

2.6. Measurements of ATP in the Rat Brain. The ATP
levels in the cerebral hemisphere of the carotid artery
embolization side and contralateral cerebral hemisphere of
the rat brain were measured using a bioluminescence ATP
assay kit (Beyotime, China). In brief, the rats were routinely
sacrificed and the brain was quickly collected. The brain tissue
was placed in liquid nitrogen to rapidly cool down. Both
cerebral hemispheres were weighed separately and lysed using
the lysis buffer (200 μL per 20 mg) on ice. The brain tissue
was then homogenized, and the supernatant was collected by
centrifugation at 12,000g at 4 °C for 5 min. Next, 20 μL of the
collected supernatant and 100 μL of luciferase reagent were
mixed in a black 96-well plate. Luminescence was recorded
using a microplate reader (SpectraMax iD5, Molecular
Devices, USA) to calculate the ATP content.

2.7. Statistical Analyses. The statistical analysis of the
experimental data was performed using SPSS 22.0 software and
Prism 7.0. All time-related results were expressed as means ±
standard deviation (SD). One-way ANOVA and two-way
ANOVA were used in blood flow analysis. The T-test was used
for ATP content analysis. The results were only considered to
be statistically significant at P < 0.05.

3. RESULTS
3.1. Thrombogenic Effect of 50% Ferric Chloride Is

Better than 30% and 40% Ferric Chloride. Through
Doppler blood flow imaging, we found that thrombi induced
by 30 and 40% ferric chloride showed postoperative thrombus
autolysis. The results showed that part of the thrombus was
autolyzed after 24 h of operation, leading to the recovery of
blood flow (Figures 2 and 3). However, exposure to 50 and
60% ferric chloride solutions was more effective and produced
stable thrombi compared with those induced by exposure to 30
and 40% ferric chloride at the same induction time. We also
tested the blood flow changes among 30, 40, 50, and 60% ferric
chloride solutions at different induction times. The result
showed that wrapping the carotid artery for 20 min with a 40,
50, or 60% soaked ferric chloride filter paper all resulted in the
formation of stable thrombi after 24 h without recanalization
(Figures 2 and 3), while in the 30% group, the thrombus was
partially autolyzed 24 h after the operation with the recovery of
blood flow. Moreover, exposure to 50 or 60% ferric chloride
reduced blood flow to at least 10% without autolysis. By
comparing the thrombus formation results of exposure to 40%
ferric chloride for 20 min and 50% ferric chloride for 10 min,
we observed that 50% ferric chloride reduced the blood flow to
less than 10% within a shorter induction time, and no
significant difference was observed at 10 or 20 min induction
time (not marked in the figure but statistically significant
differences). A shorter induction time meant less time under
anesthesia, thus reducing anesthetic burden on experimental
animals. Therefore, we opted for 50% ferric chloride as the
optimum concentration to induce thrombosis in the
subsequent experiments.

3.2. Exposure to 50% Ferric Chloride for 10 min Is the
Best for Inducing Thrombosis. In order to select the
reliability and appropriate induction time of the thrombus
induced by 50% ferric chloride, we compared the thrombo-
genic effect of 50% ferric chloride exposed for 3, 5, 8, and 10
min. The carotid blood flow imaging showed that the
thrombus formed in the 3 min group was unstable and that
blood flow was still high (more than 30%) after 24 h (Figure
4a,b). The 5, 8, and 10 min groups resulted in blood flow
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reduction to less than 20% within 3 h after surgery, but the
blood flow of the 5 min group and 8 min group was partially
restored at 24 h, while in the 10 min group, there was no
evidence of blood flow recovery 24 h postinduction, indicating
that induction with 50% ferric chloride for 10 min is optimal
for thrombus model construction.
3.3. rt-PA Administration 1.5 h after Surgery Can

Partially Dissolve the Thrombus Induced by Ferric

Chloride. To determine whether the thrombus formed
following exposure to 50% ferric chloride for 10 min can be
dissolved by thrombolytic drugs, we used the most clinically
applied thrombolytic drug rt-PA to conduct thrombolytic tests
1.5 h after successful induction. According to the blood flow
results following rt-PA administration 1.5 h after surgery, we
found that in the 5 min group, blood flow recovered after 24 h
(Figure 5a,b), while in the 8 and 10 min groups, there was only
partial blood flow restoration at 10−20% at 24 h after
thrombosis induction.

3.4. rt-PA Administration 3 h after Surgery Is
Inefficient. Taking into account the actual clinical thrombo-
lytic time, the rats were given the same dose of rt-PA 3 h after
surgery. The results showed inferior thrombolytic benefits
when compared to rt-PA administration 1.5 h after successful
thrombosis induction. Through comparison of blood flow
imaging, we found partial blood flow restoration 24 h after the
operation in the 5 and 8 min groups, while in the 10 min
group, rt-PA administered at 3 h after surgery showed only a
short-term thrombolytic effect, and blood flow after 24 h was
still about 10% of preoperative blood flow (Figure 6a,b).
Comparisons of blood flow restoration after 24 h in the 50%
ferric chloride-induced thrombosis group following rt-PA
administration at 1.5 and 3 h postinduction showed that
these two groups exhibited obvious differences (Figure 7a).
The results showed that rt-PA administration 1.5 h after

Figure 2. Serial Doppler blood flow images after successful carotid
artery thrombosis induction using ferric chloride: (A1) 30% 10 min:
30% ferric chloride for 10 min. (A2) 30% 20 min: 30% ferric chloride
for 20 min. (A3) 40% 10 min: 40% ferric chloride for 10 min. (A4)
40% 20 min: 40% ferric chloride for 20 min. (A5) 50% 10 min: 50%
ferric chloride for 10 min. (A6) 50% 20 min: 50% ferric chloride for
20 min. (A7) 60% 10 min: 50% ferric chloride for 10 min. (A8) 60%
20 min: 60% ferric chloride for 20 min. The carotid artery is red
during the states of high blood flow, green in moderate blood flow,
and blue in low blood flow or no blood flow.

Figure 3. Post-/preoperative blood flow ratios of the different groups
(A1−A8); statistical results showed significant differences (****P <
0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05; ns = not significant,
n = 3). One-way ANOVA and two-way ANOVA.

Figure 4. (a) Post-/preoperative blood flow ratios in the B1−B4
groups. Statistical results showed significant differences. (b) shows
serial Doppler blood flow images after exposure to 50% ferric chloride
for 3, 5, 8, and 10 min (****P < 0.0001, ***P < 0.001, **P < 0.01,
and *P < 0.05; ns = not significant, n = 3). One-way ANOVA and
two-way ANOVA.
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induction can effectively lyse part of the thrombus and
significantly improve blood flow. Albeit evident thrombus
dissolution, blood flow restoration benefits of rt-PA admin-
istration 3 h after surgery remained inferior to the observations
in the 1.5 h group. This situation is similar to the real clinical
situation, in which the thrombolytic effect of rt-PA decreases as
time progresses.
3.5. Carotid Artery Thrombosis Induced by Ferric

Chloride Is Stable and Dense. The normal rat CCA (one
specimen each with and without blood), a thrombosed carotid
artery specimen following 10 min exposure to 50% ferric
chloride, and carotid arteries following rt-PA thrombolysis
(administration time: 1.5 and 3 h after thrombus induction) of
a 0.5 cm length each were cut and fixed for H−E staining. We
found that 50% ferric chloride induced uniform and dense
thrombosis in the carotid arteries within 24 h after surgery
(Figure 7b). After the administration of rt-PA, the thrombus in
the lumen was partially dissolved both in the 1.5 h group and
the 3 h group; at the same time, exposure to ferric chloride
damaged the adventitia of the carotid artery, but the intima
and media remained intact.
3.6. ATP Levels in the Ischemic Side of the Brain

Decrease. To determine whether CCA embolization affects
the ATP content of one side of the cerebral hemisphere, we
collected brain tissues after the induction of thrombosis in the
CCA by 50% ferric chloride for 10 min and detected the ATP
content of the brain. The results showed that the content of
ATP in the cerebral hemisphere with blood supply from the

carotid artery thrombosis induced by ferric chloride was
significantly lower than that in the opposite side (Figure 7c).

4. CONCLUSIONS
Through establishing carotid artery thrombosis rat models, we
proved that a 10 min exposure of 50% ferric chloride is
effective in inducing a stable and uniform thrombus in a rat
carotid artery without the evidence of autolysis after 24 h. rt-
PA can partially offset the thrombogenic effect of ferric
chloride, and its efficacy is related to the time of administration
after the onset of thrombosis. The ATP content in the brain
tissue of the CCA-embolized side decreased significantly. We
believe that thrombosis induced by this concentration and time
of exposure is the most suitable and closer to the clinical
situation.

5. DISCUSSION
In recent years, ferric chloride has been widely applied in
constructing experimental animal models of cerebral ischemia
or vascular embolism. However, most researchers only use
ferric chloride to induce arterial thrombosis in mice.12,24 Some
researchers use ferric chloride to induce thrombosis in rat
common carotid arteries, without an established standard
concentration or induction time. Thus, our experiment
established a modified rat CCA thrombosis model, which
was induced by the optimal concentration and induction time
of ferric chloride.
In this experiment, a strip of ferric chloride-soaked filter

paper was wrapped around the carotid artery to induce
thrombosis. Compared with previous methods, this method

Figure 5. (a) Post-/preoperative blood flow ratios in the C1−C3
groups. (b) shows serial Doppler blood flow images after exposure to
50% ferric chloride for 5, 8, and 10 min with rt-PA intravenously
administered 1.5 h after operation. (****P < 0.0001, ***P < 0.001,
**P < 0.01, and *P < 0.05; ns = not significant, n = 3). One-way
ANOVA and two-way ANOVA.

Figure 6. (a) Post-/preoperative blood flow ratios for D1−D3
groups; statistical results showed significant differences. (b) shows
serial Doppler blood flow images after exposure to 50% ferric chloride
for 5, 8, and 10 min with rt-PA intravenously administered 3 h after
operation. (****P < 0.0001, ***P < 0.001, **P < 0.01, and *P <
0.05; ns = not significant, n = 3). One-way ANOVA and two-way
ANOVA.
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ensures that ferric chloride was absorbed via the circum-
ferential adventitia, which results in thrombosis, occluding
most of the vascular wall. When compared to the thrombus
resulting from contact with only a fraction of the vascular wall
or dripped solution on the surface, it can also speed up the
formation of blood clots. Ferric chloride can induce the
thrombus in a short period of time; however, the thrombus
could undergo autolysis partly over time. Most studies only
monitor changes in the blood flow within a few hours after
thrombosis, which is different from the clinical situation. When
the human body produces a thrombus, most of the smaller
thrombi and unstable thrombi will autolyze themselves without
obvious abnormal symptoms. Therefore, we also measured the
blood flow 24 h after the operation. Our experiments show the
evidence of autolysis in thrombi formed from exposure to 30
and 40% ferric chloride solutions for 10 min, but no autolysis
was observed in the 50 and 60% groups 24 h after operation. In
order to compare the stability of thrombus formation at

different ferric chloride concentrations and the relationship
between concentration and time, we tested the thrombus
formation efficiency of different ferric chloride concentrations
for 20 min and obtained similar results to 10 min of induction.
These results prove that the low-concentration (less than 50%)
ferric chloride solution-induced thrombus is amenable to
autolysis and requires a longer induction time to significantly
reduce the blood flow. Therefore, during the construction of a
rat thrombus model, we should take into account both of the
possibility of autolysis and induction time. Li’s study used 30%
ferric chloride solution for more than 30 min so that the blood
flow less than 90%.25 This significantly prolongs the operation
time, and spontaneous thrombolysis may occur 24 h after
surgery. Qin’s research used low-concentration (less than 30%)
ferric chloride to establish thrombus models for comparing the
antithrombotic effects of different drugs 24 h after operation
that may lead to large bias and autolysis.18

Figure 7. (a) Post-/preoperative blood flow ratios in the 50% 10 min group, 50% 10 min 1.5 h rt-PA group, and 50% 10 min 3 h rt-PA group.
Statistical results showed significant differences. (b) H−E staining of the rat carotid artery. Normal with blood: rat carotid artery with blood.
Normal: carotid artery without blood. 24 h: H−E staining of the rat carotid artery 24 h after exposure to 50% ferric chloride for 10 min rt-PA 24 h
(1.5 h): H−E staining 24 h after exposure to a 50% ferric chloride solution for 10 min, followed by rt-PA administration 1.5 h after surgery. rt-PA
24 h (3 h): H−E staining 24 h after exposure to the 50% ferric chloride solution for 10 min and rt-PA administered 3 h after surgery (scale bar: 100
μm). (c) Detection of ATP content in the brain. Ischemic side: the blood supply of the cerebral hemisphere originates from the carotid artery with
the embolized side. Contralateral hemisphere (Con): normal blood supply (n = 5). (****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05; ns
= not significant, n = 3). One-way ANOVA and T-test.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c07316
ACS Omega 2022, 7, 8919−8927

8924

https://pubs.acs.org/doi/10.1021/acsomega.1c07316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07316?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c07316?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c07316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


By comparing the blood flow in the 50 and 60% groups 24 h
after operation, we found no significant evidence of autolysis;
therefore, we believed that exposure to 50% ferric chloride is
sufficient for constructing a reliable rat CCA model. In an
attempt to seek an optimum induction time, we found that
wrapping the carotid artery with a 50% ferric chloride-soaked
filter paper for 3−5 min can induce the thrombus but without
complete vascular occlusion. Extended exposure times were
inversely proportional to blood flow and directly related to the
degree of vascular occlusion. As the induction time approached
10 min, blood flow decreased by more than 90%, indicating
total vascular occlusion, which clinically is adequate to cause
severe ischemia or infarction.26

An exposure time of 10 min is enough to induce a stable
thrombus while simultaneously keeping the animal’s duration
under anesthesia to a minimum and reducing operative
difficulty. In an attempt to determine the antithrombotic
effect of orally administered Mozuku in a rat carotid artery
thrombosis model, Toshinori and colleagues applied ferric
chloride for 30 min, an extended induction time based on our
research.27 Also, Sudo et al. aimed to test whether 40% ferric
chloride could induce arterial occlusion and explore differences
in platelet aggregation and thrombus formation among
laboratory rats. In their research, rats were anesthetized with
sodium pentobarbital for 60 min, which immensely increased
risks associated with anesthesia.28 Sodium pentobarbital led to
a significant decrease in HR, LVSP, and +dp/dt in isolated
hearts29 and cardiotoxic effects that make it unfitting for long-
term animal anesthesia; therefore, it is necessary to reduce the
induction time to allow substitution for a safer anesthetic.
Our goal is to establish a reproducible carotid artery

thrombosis model for testing the efficacy of thrombolytic
drugs. For this reason, we used rt-PA intravenous injection
after successful carotid artery thrombosis induction in rats. It is
worth mentioning that we found that rt-PA administration
within a certain period of time after establishing thrombosis
can greatly increase the efficiency of thrombolysis (rt-PA
administration 1.5 h after successful model construction was
better than that at 3 h), a pattern similar to the observed time
window of thrombolysis in clinical stroke patients. Thus, it
provides a relatively reliable model for developing or testing
thrombolytic drugs with better curative effect. At the same
time, H−E staining confirmed that damage was only limited to
the adventitia, sparing the media and intima, and there was no
rupture observed.
The ischemia or hypoperfusion state changes the anaerobic

metabolic process, and the content of ATP in the tissue
significantly reduces.30 Cerebral blood flow decreases to less
than 15% of the baseline within the core, which leads to
reductions in the ATP levels to 25% of baseline.31 Our
experiments confirmed that after 50% ferric chloride-induced
carotid artery embolization, blood flow in the cerebral
hemisphere began to decrease, and the results showed that
the ATP content of the embolized side less than 25% of the
contralateral normal cerebral hemisphere, reflecting the high
efficiency of thrombus formation at this concentration and
induction time, can significantly reduce blood flow in this side.
This proves that our model is stable and reliable and can also
be used to study energy metabolism in the hypoperfused state
of the brain after carotid artery embolization.
We believe that in the future, this method can be applied on

comparable vascular diameters of larger animals, such as
cerebral arteries of nonhuman primate species. Actually, we

have begun to use ferric chloride to embolize the cerebral
arteries of nonhuman primates(macaque) with initial evidence
of success based on our experimental results. The physiological
structure of nonhuman primate experimental animals is more
similar to that of human beings, making it an important
experimental animal in verifying the therapeutic effect of novel
drugs on human ischemic stroke. Through analysis of
previously published data, we found that the current methods
that exist for establishing nonhuman primate cerebral ischemia
models mainly include MCA clamping and local micro-
injection of endothelin 1.32,33 Angiography-guided autologous
thrombus or embolus injection into the MCA to induce
cerebral ischemia is also another method.6,34 However, the
nonhuman primate stroke models constructed by these
methods are not quite suitable for thrombolysis experiments
after cerebral infarction. Theoretically, since the diameter
(1.0−1.5 mm) of the MCA in nonhuman primates is similar to
that of the carotid artery in rats, ferric chloride-induced
thrombosis should be applicable in inducing MCA thrombosis
in nonhuman primates.
In summary, our experimental results confirmed that good

thrombosis stability at 24 h postoperation can be attained by
50% ferric chloride for 10 min. This model can be used as a
highly reliable tool for preclinical verification and research on
anticoagulants and thrombolytic drugs. Meanwhile, it can also
be used to study the ATP changes in the cerebral
hypoperfusion state after complete carotid artery occlusion
with a promising potential for application in other blood
vessels in the future.
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