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ABSTRACT

Mitochondria are complex organelles that play a critical role within the cell; mitochondrial dysfunction
can result in significant cell damage or death. Previous studies have demonstrated the promising
therapeutic effects of autologous mitochondria transplantation into ischemic cardiac tissue; however, few
studies have examined the in vivo effects of mitochondria infusion into the brain. The aim of this study
is to report a procedure for carotid infusion of autologous mitochondria into porcine brains. By using
this infusion technique, we propose that a selective and minimally invasive administration is feasible and
may provide benefits in the treatment of various central nervous system disorders.
Keywords: Mitocondria; Microcatheter; Infusion; Carotid; Brain; Porcine (Source: MeSH NLM).

INTRODUCTION
Mitochondrial transplantation has been performed as a therapeutic measure for cardiac
ischemia and reperfusion injury in both animals (1) and humans (2). These studies demonstrate
that the infusion of autologous mitochondria, isolated from the patient’s tissue, compensates
for the decrease or loss of mitochondrial function in local cells damaged during ischemia and
improves post-ischemic recovery. Preclinical studies (1) and biosafety trials (3) have shown that
the procedure is well-tolerated, without immunoreactivity (4), local injury, or systemic adverse
effects reported. Studies are currently underway to understand the mechanism(s) involved
in the internalization of extracellular mitochondria, their longevity once transplanted, and
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measurement of their effects, among other aspects.
In vitro (5, 6) and murine studies of direct infusion of autologous mitochondria into the spinal cord
and brain tissue have also shown positive effects in different neurological conditions such as trauma
, schizophrenia (9), Parkinson’s disease (10) and ischemic stroke (11, 12). Xenogeneic transplantation

(7, 8)

_________________________________

has also shown promising results after local intra-cerebral or intra-arterial injection in ischemic rat
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brains (13) and an experimental mouse model of Parkinson’s disease (14).
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Unlike cardiac tissue, the central nervous system (CNS) presents a challenge for the treatment
of many pathologies, which is to achieve the passage of therapeutic agents through the blood-brain
barrier (BBB) that may limit the entry and absorption of various molecules (15); however, several
neuropathological conditions are associated with a disruption of the BBB and tissue damage (16).
Increasing the permeability of the BBB can also be achieved using hyperosmotic solutions such
as mannitol (17), which is a 6-carbon polyol with diuretic activity, widely used in clinical trials and
approved by the U.S. Food and Drug Administration (FDA).
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Infusion of mitocondria into porcine brain

Here, the authors propose a methodology for mitochondrial

sterile 50 ml tubes with 20 ml of phosphate-buffered saline

infusion via the carotid artery into the porcine brain.

(PBS pH 7.4) inside a container with ice. Finally, manual

Additionally, the permeability of the BBB was increased to ensure

pressure and sutures were applied to the biopsy site.

mitochondrial entry. The authors conclude that microcatheter
infusion may be a feasible option to study the potential therapeutic

Isolation and purification of mitocondria

use of mitochondrial infusion in several neurologic pathologies.

Isolation of mitochondria was performed in a laminar flow

DESCRIPTION OF THE
PROCEDURE

cabinet following the protocol of Preble

. Sample were

(18)

transfered to a 15 ml tube containing 10 ml of Homogenization
Buffer (300 mM sucrose; 10 mM HEPES; 1 mM EDTA; all
Sigma-Aldrich, ST. Louis, USA) and disintegrated using a

Three female pigs aged two to six months were used. Two

homogenizer (Omni International, Kennesaw, GA, USA) in 4

pigs were used to evaluate mitochondria infusion and one

cycles of 60 sec. 250 µl of a trypsin solution (4 mg of trypsin

as a control. Accessed was obtained bilaterally to the carotid

dissolved in 1 ml of Homogenization Buffer) was added and

artery in all animals; the left artery for mannitol injection

incubated on ice for 10 minutes. Each homogenate was filtered

to induce a disruption in the BBB, and the contralateral

with a 40 µm filter (Falcon) pre-wet with Homogenization

artery without mannitol, thus, each brain had its control

Buffer into a new 15 ml tube, then 250 µl of a BSA solution (20

hemisphere without disruption of the BBB. This approach

mg BSA dissolved in 1 ml Homogenization Buffer) was added.

was taken to minimize the number of animals required for

The samples were filtered with 40 and 10 µm filter pre-wet with

the study.

homogenization buffer. They were centrifuged at 9,000 G (9000

Ethics statement

x g) for 10 min at 4°C, the supernatant was discarded, and the
pellet was resuspended in 1 ml of Respiration Buffer (sucrose

The animals were fed and maintained with free access to

250 mM; KH2PO4 2 mM; MgCl2 10 mM; HEPES 20 mM,

water until one day before the intervention. The treatment

EDTA 0.5 mM; all Sigma-Aldrich brand, ST. Louis, USA).

of animals adhered to the Council for International
Organizations of Medical Sciences (CIOMS) International

Viability and mitochondrial labeling

Guiding Principles for Biomedical Research Involving

A 1 ml aliquot of the mitochondria suspension was taken and

Animals. The protocol for the use of animals was reviewed

incubated with MitoView Green (Biotium, Fremont, CA,

and approved by the Institutional Ethics Committee for

USA) (200 nM) for 30 min to determine the total number

the Use of Animals of the Universidad Peruana Cayetano

of mitochondria obtained, then incubated with Mitotracker

Heredia (SIDISI 201478). The animals were sedated using

Red CM-H2Xros (Thermo Fisher Scientific, Waltham, MA,

an intramuscular injection of ketamine (10 mg/kg) and

USA) (500 mM) for 30 min to determine the number of viable

xylazine (2 mg/kg). The intervention sites were shaved,

mitochondria. Counting was performed using a hemocytometer,

followed by soap scrubs. Endotracheal intubation was

and images were captured by confocal microscopy (Zeiss,

achieved in all animals and kept sedated with intravenous

LSM880, Oberkochen, Germany). The mean ± standard

doses of ketamine (5 mg/kg) every 20 minutes. The entire

deviation of total and viable mitochondria count was obtained

cerebrovascular surgical procedure was performed with

from the 3 muscle samples collected for each pig. Before

microcatheters in a sterile environment.

proceeding with the infusion, the remaining reconstituted

Skeletal Muscle Biopsy Collection
In the two pigs chosen for mitochondria infusion, the area

mitochondria were incubated with a mouse anti-mitochondrial
monoclonal antibody (Abcam ab14730, Cambridge, UK) at a
concentration of 1 µg/ml for 30 min at 4°C.

selected for biopsy collection was the hind leg. The zone
was desinfected with a povidone-iodine solution (10%), and

Vascular access and BBB disruption

a small incision was made using a #11 scalpel blade (USA

Using the manubrium as an anatomical landmark and

Medical, St. Louis, MO; USA). Three samples of the gracilis

assisted by ultrasound guidance, a sterile #11 blade was

muscle were collected for each pig using a #6 biopsy punch

used to incise the tissues of the ventral neck to expose the

(Fisher Scientific, Waltham, MA, USA) and transported in

carotid artery. A Braun micro-introducer kit (Bethlehem,
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Pennsylvania USA), including a 21-gauge X 7 mm echogenic

0.05% Tween 20) and mounted with VectaShield mounting

introducer needle was used to access the left common

medium with DAPI (Vector, Laboratories, Burlingame, Ca).

carotid artery. The needle was advanced until pulsatile flow

The images were captured by confocal microscopy using the

was observed, followed by an 0.018 in X 40 cm stainless steel

10X objective (Zeiss, LSM880, Oberkochen, Germany).

mandrel guidewire. Using the Seldinger technique

, the

(19)

needle was removed and replaced with a microcatheter and
dilator. After microcatheter aspiration, an 0.9% intra-arterial
saline drip line was attached. Through the intra-arterial saline
drip line, osmotic blood-brain barrier (BBB) disruption

(17)

was performed using 0.25 mL/s per-kg infusion of mannitol
over 20 seconds.

Microcatheter-based brain infusion of
autologous mitochondria
At the five-minute peak of osmotic BBB disruption

, the

(21)

saline drip was disconnected from the microcatheter, and
a sterile 10 ml syringe was used to deliver 5 mL of labeled
mitochondria followed by a 10 mL flush of respiration buffer.
The catheter was removed from the left carotid artery, and
hemostasis was obtained by applying manual pressure for
15 minutes. This process was replicated in the contralateral
control, minus the osmotic BBB disruption. The deep and
superficial tissues of the ventral neck were closed with
sutures. In the case of the control pig, it was infused only
with respiration buffer.

Immunofluorescence in brain biopsies
After 4 hours, the animals were euthanized with a lethal dose
of pentobarbital (120 mg/kg). The brains were removed and
cut into 10-mm slices. Samples were fixed with 10% neutral
buffered formalin for 24 h then transferred to 70% ethanol
and embedded in paraffin. The formalin-fixed paraffinembedded pig brain samples were cut in sections of 4 µm
and placed on poly-L-lysine coated slides. The sections
were deparaffinized at 56°C, immersed in xylene and then
rehydrated in solutions with decreasing proportion of
ethanol (100% to 70%), then permeabilized by heating in
citrate buffer (10 mM citric acid, 0.05% Tween 20, pH 6.0) for
30 min at 95°C. To eliminate nonspecific staining, slides were
blocked for 30 min in a humid chamber at room temperature
with a blocking solution (PBS pH 7.2, 0.05% Tween 20, 0.1
% Triton X-100, 2% goat serum, 2% BSA). Sections were
incubated overnight at 4°C with the fluorescein-labeling goat
anti-mouse IgG polyclonal antibody (Abcam, Cambridge,
UK) diluted 1/500 in PBS. The sections were washed
three times for 2 min with washing solution (PBS pH 7.2,
https://doi.org/10.17843/rpmesp.2021.382.7768

RESULTS OF THE PROCEDURE
APPLICATION
Mitochondrial viability and quantification
The quantification of total mitochondria isolated from muscle
tissue using a hemocytometer and the green signal from
Mitoview Green staining (Figure 1A) determined an average
total concentration of 1.05 X 107 ± 7.20 X 105 mitochondria
per ml. However, quantification based on the Mitotracker
red signal (Figure 1B) corresponding to mitochondria with
an intact membrane potential determined an approximate
concentration of 63% of viable mitochondria (6.61 X 106 ±
9.90 X 105 mitochondria per ml).

Arterial access and infusion
Successful arterial access and subsequent carotid
microcatheterization was performed in all three pigs. A total
of 5.24 x 107 ± 3.59 x 106 mitochondria were reconstituted
into the respiration buffer and injected into the carotid
artery as a 5 mL infusate. Procedural duration, including
tissue harvest, vascular access, and mitochondrial infusion
was 48 and 42 minutes; approximately 40 minutes dedicated
to mitochondrial isolation, quantification, and labeling. The
time from sedation onset to extubation was about 90 minutes.
No difficulty in microcatheterization was encountered. No
other complications, including hemodynamic instability,
pneumothorax, vascular perforation, stroke, or incision site
hematoma were seen.

Post-infusion evaluations
Samples from all cortical regions were collected and evaluated
in triplicate by immunofluorescence. Representative images
of frontal lobe sections with and without BBB disruption are
shown (Figure 2). In the absence of osmotic BBB disruption,
few labeled mitochondria were observed only within the lumen
of capillaries (Figure 2B-C). There were no clusters or focal
areas of aggregation appreciated, and they were completely
absent in the brain parenchyma. After BBB disruption using a
hyperosmotic mannitol solution, an increased concentration
of labeled mitochondria was observed in all regions of the
cortex and throughout the parenchyma in small clusters in a
diffuse and linear pattern (Figure 2D-F). The control sample
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Figure 1. Mitochondrial viability and yield. Representative images of double staining in mitochondria isolated from skeletal muscle biopsies. Total mitochondria were count using the green signal from Mitoview Green (1A), the percentage of viable mitochondria was obtained using the red signal from Mitotracker
(1B), mitochondria were also observed with brightfield (1C), and the merge of green and red signals is shown in (1D). Images were captured with a confocal
microscope using a 20X objective. Scale bar: 20 µm.

infused with respiration buffer gave no signal with or without
BBB disruption (Figure 2G-I).

DISCUSSION
This study constitutes the first report of successful intracarotid infusion of autologous mitochondria into the porcine
brain, observing the entry of extracellular mitochondria
into the brain parenchyma after altering the permeability
of the BBB with mannitol (Figure 2). In healthy mammals,
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the movement of ions, molecules, and cells is limited by the
BBB, the structural and chemical interface between the brain
and systemic circulation (15). The permeability of the BBB can
be increased during certain pathological conditions (15, 16, 21)
but can also be temporarily modulated by osmotic agents (19).
In addition, the dose and time for disruption using mannitol
have been established, and its temporal effects have been
observed so that proper synchronization between BBB
disruption and mitochondria infusion is required to take
advantage of osmotic alterations.
https://doi.org/10.17843/rpmesp.2021.382.7768
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Figure 2. Autologous mitochondria infused in pig brain. Representative images of brain tissue after mitochondria infusion. In brain samples with BBB
integrity (2A-C), few mitochondria are observed in the lumen of the capillaries (white arrows). The brain parenchyma did not show a positive signal for
mitochondria. In samples with osmotic BBB disruption (2D-F), a large number of mitochondria are present in capillaries (white arrowheads) and the
form of clusters within the parenchyma (red arrowheads). In the control sample infused with respiration buffer (2G-I), no positive signal for mitochondria
was observed. Histological sections of 4 µm were stained with DAPI (2A, D, G), treated with an anti-IgG antibody (2B, E, H). The merge of both signals
with the brightfield is observed in (2C, F, I). Images were captured with confocal microscopy using a 10X objective. Scale bar: 100 µm.

An additional challenge in translating experimental

the diameter of the micro arteries of the rete mirabile range

methods using pigs is their particular anatomy. A detailed

from 50 to 250 µm (28) allow egress of mitochondria which are

appreciation of porcine vasculature structures is necessary

typically less than 1 µm (29). Particles up to 30 µm in size have

for this procedure

been shown to enter and localize in the brain after injection

(26, 27)

, requiring mindful microcatheter

positioning and infusion technique in order for infusate to

via the carotid artery

reach the brain instead of extracranial tissue (Figure 3). The

the rete mirabile is possible. Given the extensive collateral

rete mirabile is often considered an additional structural

network, some infused mitochondria may have been

barrier for porcine cerebrovascular procedures; however,

diverted to other tissues; however, evaluation in this study

https://doi.org/10.17843/rpmesp.2021.382.7768

(16)

suggesting that passage beyond

349

Infusion of mitocondria into porcine brain

Rev Peru Med Exp Salud Publica. 2021;38(2):345-51.

Intracranial

Extracranial

cerebral blood volume (30), and the possible deviation by rete
mirabile anatomy of the carotid artery in pigs

, the dose

(26)

for experimental mitochondria infusion was translated to
be 5 X 107. The samples provided a total of 1.1 X 107 - 2.4
X 1010 mitochondria (Figure 1), ensuring quantification and
delivery at the established dose. These findings on the yield

AC

and viability of mitochondria isolated from skeletal muscle

MC

tissue are consistent with experiments performed in other

IM

Circle of Willis

animals (1, 3, 17, 22, 25) and humans (2).

AA
PC

Initially, co-infusion of the vital dye Evans blue

RA

was considered for macroscopic interpretation of BBB

IC

permeability; however, the decision was made to proceed
without Evans blue because there are no studies that confirm

B

or exclude direct toxicity on isolated mitochondria in this
setting when using this dye (20).
AP

In conclusion, this experimental work details the

EC

procedures employed for the isolation and infusion of
autologous mitochondria into the porcine brain in a safe
manner using standard equipment and validated protocols.
This study demonstrates the entry of mitochondria into
brain tissue following infusion via the carotid artery in pigs

CC

whose BBB has been osmotically disrupted. Further studies

Figure 3. Porcine cervical and intracranial vasculature. The carotid rete
mirabile is a mesh-like structure located at the terminus of the ascending
pharyngeal artery. In pigs, the internal carotid artery serves to connect the
rete to the circle of Willis. AA = arteria anastomotica; AC = anterior cerebral artery; AP = ascending pharyngeal artery; B = basilar artery; CC =
common carotid artery; EC = external carotid artery; IC = internal carotid
artery; IM = internal maxillary artery; MC = middle cerebral artery; PC =
posterior communicating artery; RA = ramus anastomoticus supplied by
the middle meningeal artery. Illustration by Emma C. Vought commissioned by Dr Melanie Walker.

was focused on their entry into the brain and extracranial
tissues were not investigated.
Using validated methodologies

(1, 3, 17, 22)

and standard

cerebrovascular arteriographic administration techniques
(18, 23, 24)

, this procedure can be completed within 45 minutes.

While dosing of mitochondria has not been specifically
established for the brain, cardiac ischemia studies demostrate
that a dose of 1 X 10 mitochondria may be suitable
9

.

(3, 17)

Cardiac studies are more advanced, and few, mostly murine
models exist for cerebral infusion. Across the spectrum
of murine studies, a range of doses and delivery methods
were used. In this evaluation, the yield from 0.1 grams of
skeletal muscle up to a dose of 1 X 109 mitochondria was
used. However, taking into consideration the selective
vascular delivery technique, porcine cerebral blood flow,
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are required to determine localization, region-specific
distribution of infused mitochondria and the mechanisms
involved in the internalization of autologous mitochondria
into various tissues (neurons or glia).
While much work remains to be done, the potential
benefit of mitochondria infusion can be applied to a spectrum
of neurological diseases, and carotid injection using the
porcine model may be a useful tool for its evaluation.
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