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Isolation of mitochondria with high respiratory control from primary
cultures of neurons and astrocytes using nitrogen cavitation
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Abstract

To study neurons or glia-specific mitochondria one needs to isolate these organelles from primary neuronal or astrocytic cell culture. This work
provides novel method for isolation of functional and morphologically intact mitochondria from neurons and astrocytes in cell cultures. In the first
step, mitochondria are released from cells by disruption of cell membranes using a nitrogen cavitation technique. This technique is based on rapid
decompression of a cell suspension from within a pressure vessel. Mitochondria released from cell bodies are then separated from the rest of cell
homogenate by Percoll gradient centrifugation. This is a relatively rapid technique that yields to very well coupled mitochondria that exhibited
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unctional and morphological characteristics comparable to mitochondria isolated from brain tissue using common techniques. This technique thus
ill allow examination of mitochondria that are exclusively cell specific in origin.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Mitochondria isolated from brain tissue consist of two major
opulations based on their presence in neurons and astrocytes,
he two cell types representing the vast majority of brain mass.
o date, there are no reliable techniques to separate neuronal and
lial mitochondria from brain homogenates that provide mito-
hondrial yields with bioenergetic functional integrity similar
o that observed with isolation procedures that do not separate
hese subpopulations. As some evidence indicates that spe-
ific metabolic enzyme activities are distinctly different in neu-
onal and astrocytic mitochondria (Lai and Clark, 1979, 1989;

cKenna et al., 2000a,b; Sonnewald et al., 2004), additional
omparisons of bioenergetic and physiologic characteristics are
eeded. In response to this need, attempts were made to iso-
ate mitochondria with good functional integrity from primary
ultures of pure neurons and astrocytes (Auestad et al., 1991;
lmeida and Medina, 1997b). The approach used to isolate
itochondria from these cells employs mechanical disruption

f cell membranes by homogenization, a technique normally

also applied to various tissues. However, while the respiratory
control ratio that is commonly used as an index of bioenergetic
functional integrity generally falls in the range of 5–10 for iso-
lated brain mitochondria, the ratios reported by Almeida and
Medina (1997a,b) are in the range of 3–5.

A likely explanation for the relatively low respiratory control
exhibited by mitochondria isolated from primary cultures of neu-
rons and astrocytes is the mechanical force used to homogenize
the cells, which can potentially physically damage mitochon-
drial membranes. Typically, cell suspensions are homogenized
with a Teflon pestle—glass vessel homogenizer. This process
requires 20–30 strokes of the pestle up and down the vessel
while rotating at 500 rpm (see Almeida and Medina, 1997b). The
disadvantage of this approach is that the mitochondria released
from cells disrupted early in the course of homogenization are
subjected to repetitive shear stress that may result in damage.
To avoid the problems associated with such mechanical homog-
enization of cells, we used a nitrogen cavitation technique for
disrupting the plasma membrane. A similar procedure was used
to isolate a crude mitochondrial fraction from cultured Jurkat
cells (Krippner et al., 1996; Adachi et al., 1997, 1998; for review,
∗ Corresponding author. Tel.: +1 410 706 3418; fax: +1 410 706 2550.
E-mail address: tkristian@anesthlab.umm.edu (T. Kristián).

see Gottlieb and Adachi, 2000). The nitrogen cavitation tech-
nique was also employed for isolation of total brain mitochondria
(non-synaptic and synaptic) from brain homogenates (Brown et
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al., 2004) and to release synaptic mitochondria from cortical
synaptosomal vesicles (Sullivan et al., 2003). Here, we report
a modification of this method that, when applied to primary
cultures of cortical neurons and astrocytes, generates mitochon-
dria with respiratory, and morphological characteristics superior
to those exhibited by mitochondria isolated using mechanical
homogenization.

2. Material and methods

2.1. Reagents

Mannitol, sucrose, EGTA, HEPES, Tris, potassium phos-
phate dibasic (K2HPO4), magnesium chloride (MgCl2),
malate, glutamate, oligomycin, carbonyl cyanide 4-(trifluo-
romethoxy)phenylhydrazone (FCCP), adenosine 5′-dipho-
sphate (ADP), bovine serum albumin (BSA), glutaralde-
hyde, sodium cacodylate trihydrate, poly-l-lysine, trypsin,
l-glutamine, and cytosine arabinoside were obtained from
Sigma–Aldrich (St. Louis, MO, USA). Dulbecco’s modi-
fied Eagles’s medium (DMEM), Leibovitz’s L-15, Neurobasal
medium (NB) with B27 supplement were purchased from
GIBCO (Invitrogen Corporation, Carlsbad, CA, USA). Potas-
sium chloride suprapure was obtained from EM Sciences (Fort
Washington, PA, USA). Fetal bovine serum (FBS) was obtained
from HyClone (Logan, UT, USA). Percoll was purchased from
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re-fed with maintenance medium and were used 7 days after
preparation.

2.2.2. Cortical astrocytes
Astrocytes were prepared from rat brain (1-day-old pups)

as described by Zielke et al. (1990) using a method based on
a procedure by Booher and Sensenbrenner (1972), with some
alterations. Cerebral hemispheres were removed, placed in dis-
secting medium (Leibovitz’s L-15 medium with l-glutamine),
cleaned of meninges, and trimmed to retain the cerebral cor-
tex. The isolated cerebral cortexes were placed in a 100 mm
dish containing 10 ml fresh medium. After removal of most of
the medium, the tissue was then minced, resuspended in mainte-
nance medium (DMEM/F-12 with l-glutamine plus 10% FBS at
1 ml per brain) in a 50 ml conical centrifuge tube, mechanically
disrupted by vortexing (60 s) to destroy most of the neurons,
and filtered through sterile nylon (Falcon 70 �m cell strainer and
Nitex screening of 10 �m pore size) to remove blood vessels and
aggregated cells. The cell suspension (15 ml/brain), enriched in
astrocytes, was seeded in 185 cm2 Nunc tissue culture flasks at
a density of 30 ml cell suspension/flask. The cells were incu-
bated at 37 ◦C in an atmosphere of 95% air/5% CO2, with 90%
humidity. The culture medium was replaced after 4 days and
twice weekly thereafter. All experiments were performed after
10–12 days, when cultures were confluent but had not sponta-
neously differentiated.
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mersham Biosciences (Piscataway, NJ, USA). OXPHOS pri-
ary antibody was obtained from Mitosciences LLC (Eugene,
R, USA), �-actin antiserum was from Sigma (St. Louis, CA,
SA). Antiserum against PBR was a kind gift from Dr. V.
apadopoulos. Horseradish peroxidase (HRP)-conjugated anti-
ouse and anti-rabbit IgG secondary antibodies were purchased

rom Amersham Biosciences.

.2. Cell culture

.2.1. Cortical neurons
Primary cultures of cortical neurons were prepared from the

erebral hemispheres of 16 day gestation rat embryos using a
odification of the methods of Yavin and Yavin (1980). All dis-

ections were performed in dissecting medium (Leibovitz’s L-15
ith glutamine). After removing the medium, the dissected cere-
ral cortexes were minced, incubated in 0.2% trypsin at 37 ◦C for
1/2 min, and then the proteolytic activity stopped by addition of
n equal volume of maintenance medium (neurobasal medium
NB) supplemented with 10% FBS and 2 mM l-glutamine). The
ells were triturated, centrifuged at low speed, resuspended in
resh medium to 1 ml per brain, and filtered through a Fal-
on cell strainer (70 �m pore size). The cells were seeded on
oly-l-lysine coated (0.05 mg/ml) 150 cm2 Corning plastic tis-
ue culture flasks at a density of (3–7) × 107 cells per flask in
volume of 12 ml medium and incubated for 1 h at 37 ◦C in

n atmosphere of 95% air/5% CO2 (v/v) at 90% humidity. The
edium was then aspirated and replaced with 20 ml maintenance
edium: NB with B27 supplement and 2 mM l-glutamine.
fter 72 h in vitro, the cultures were treated with cytosine ara-
inoside (final concentration 5 �M) for 48 h. Cultures were
.3. Isolation of mitochondria from primary cell culture

To isolate mitochondria, we used a modification of the nitro-
en cavitation method described by Gottlieb and Adachi (2000).
t least 2 × 108 cells were used (about eight Nunc tissue culture
asks T-150). The cells were washed once with 6 ml of isola-

ion medium (225 mM mannitol, 75 mM sucrose, 5 mM Hepes,
mM EGTA, pH 7.4 at 4 ◦C), then scraped in 3 ml of the isola-

ion medium and collected into a pre-cooled cavitation chamber
nitrogen bomb; Parr Instrument Company, Moline, IL). The cell
uspension under stirring was subjected to 1500 psi for 15 min.
t the end of the 15 min period, the pressure in the chamber fell

o approximately 800 psi. The cell suspension is then released
hrough outflow tubing attached to the valve localized at the bot-
om of the cavitation chamber. Thus, the depressurization of the
ell suspension from 800 psi to normal atmospheric pressure was
nstantaneous. After collecting the cell suspension from the cav-
tation chamber, it was centrifuged at 1500 × g for 3 min to pellet
he cell debris (heavy particles, or fractions of cells). The super-
atant was collected and centrifuged at 20,000 × g for 10 min.
he pellet (crude mitochondrial fraction) was resuspended in
.8 ml of 15% Percoll and layered on preformed gradient consist-
ng of 21% (for neuronal mitochondria) or 23% (for astrocytic

itochondria) Percoll (2 ml) layered over 50% Percoll (0.8 ml)
n 4 ml centrifuge tube (see Fig. 1). The purity of astrocytic

itochondrial fraction was improved when the 23% Percoll was
sed as compared to 21% Percoll. Following centrifugation of
he gradient at 30,700 × g for 6 min, the mitochondria accumu-
ated at the lower interface (between the 50% and 21% (or 23%)
ercoll layers). The top layers were removed and the mitochon-
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Fig. 1. Flow scheme of the isolation procedure using the nitrogen cavitation
technique. The number in parenthesis represents the percentage of Percoll used
to form the gradient for separation of mitochondria from astrocytes.

drial fractions collected and diluted with isolation medium (1:8).
After centrifugation at 17,000 × g for 10 min, the pellet (puri-
fied mitochondria) was diluted with 1.5 ml of isolation medium
and centrifuged at 7000 × g for 10 min. The final pellet was re-
suspended in 30 �l of isolation medium without EGTA and used
for experimental assays.

2.4. Isolation of non-synaptic brain mitochondria

Non-synaptic brain mitochondria were isolated according to
Sims (1990) with slight modifications (see Kristian et al., 2000,
2002). Briefly, brains were rapidly removed and homogenized in
ice-cold isolation medium (225 mM mannitol, 75 mM sucrose,
1 mM EGTA, 5 mM Hepes–Tris pH 7.4 at 4 ◦C). The brain
homogenate was centrifuged at 1300 × g for 3 min. After remov-
ing the supernatant, the pellet was resuspended in the isolation
medium and centrifuged again at 1300 × g for 3 min. The super-
natant was then combined with the supernatant from the previous
spin and centrifuged at 17,000 × g for 10 min. The resulting pel-
let was resuspended in 15% Percoll and layered on top of the
discontinuous Percoll gradient (40, 24%). Following centrifu-
gation of the gradient at 30,000 × g for 8 min, the mitochondria
sedimented at the lower interface between 40 and 24% Percoll.
The mitochondrial sample was collected and diluted in isola-

tion medium (1:5, v/v). After centrifugation at 17,000 × g for
10 min, the pellet was resuspended in isolation medium con-
taining 10 mg/ml of defatted bovine serum albumin (BSA) and
centrifuged at 7000 × g for 10 min. The final mitochondrial pel-
let was resuspended in approximately 100 �l isolation medium
not containing EGTA.

2.5. Electron microscopy

The mitochondrial samples were fixed overnight with 4%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4 ◦C, post-
fixed with 1% osmic acid in 0.1 M cacodylate buffer, dehydrated,
and embedded in LX-112 (Ladd) epoxy resin. Thin sections
were observed with a Jeol JEM-1200 EX transmission electron
microscope.

2.6. Respiration measurements

The respiratory functions of isolated mitochondria were
measured polarimetrically with a Clark-type oxygen elec-
trode (Hansatech Instruments, Norfolk, England). Mitochondria
were resuspended at a concentration of 0.5 mg/ml in medium
consisting of 125 mM KCl, 2 mM K2HPO4, 1 mM MgCl2,
10 �M EGTA, 5 mM malate, 5 mM glutamate, and 20 mM
Hepes–Tris pH 7.0 at 37 ◦C. Rates of oxygen consumption are
expressed as nmol O /(mg mitochondrial protein min). The res-
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iratory control ratio (RCR) was defined as the rate of ADP
0.5 mM)-stimulated oxygen consumption (State 3) divided by
he rate of respiration determined in the presence of oligomycin
2.5 �g/ml) (State 4o), an inhibitor of ATP synthase. While the
tate 4o respiration measured in the presence of oligomycin

s not equivalent to the classical State 4 rate obtained after a
mall bolus of ADP is almost completely converted to ATP, the
se of oligomycin eliminates the contribution of ATP cycling
ia hydrolysis by contaminating ATPases and resynthesis by
he mitochondrial ATP synthase to State 4 respiration. The
ligomycin-induced State 4o rate of respiration is therefore a
ore specific indicator of mitochondrial proton cycling limited

y passive proton leakiness of the inner membrane.

.7. Mitochondrial protein measurements

Mitochondrial protein concentrations were measured using
Lowry DC kit (Bio-Rad, Hercules, CA, USA) with bovine

erum albumin used as concentration standards. Standards and
he samples were measured in duplicates and the mean values
ere used to calculate the protein concentrations.

.8. Western blotting

Isolated mitochondria were mixed with lysis buffer contain-
ng 0.5% Nonidet p-40 (NP-40), 1% Triton X-100, 150 mM
aCl, 10 mM Tris pH 7.4 in 1:1 ratio (v/v) and incubated for
0 min on ice. The samples were then treated with 50 mM dithio-
hreitol (DDT) and NuPage LDS loading buffer (Invitrogen).
fter heating at 70 ◦C for 10 min, the samples were separated
y sodium dodecyl sulfate-poly-acrylamide gel electrophoresis
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(SDS-PAGE). Each lane was loaded with 25 �g mitochondrial
protein. Following the SDS-PAGE, the proteins were transferred
onto a PVDF membrane. The membranes were immediately
fixed in a 0.1% glutaraldehyde in phosphate-buffered saline
(PBS) with 0.05% Tween 20 buffer (PBST) for 10 min (see
Connern and Halestrap, 1996). The membranes were washed
in PBST and further processed according to the immunoblot-
ting protocol recommended by the manufacturer (Mitosciences
LLC). Thus, membranes were incubated at room temperature
for 2 h in 5% non-fat milk in PBST. This was followed by incu-
bation overnight at 4 ◦C in the primary antibody in 5% non-fat
milk in PBST. The antibody cocktail consisted of monoclonal
primary antibodies raised against a subunit of each of the respira-
tory (OXPHOS) complex, and for �-actin at 1:10,000 dilutions.
Primary antibodies for peripheral benzodiazepine receptor were
used at 1:5000. After overnight incubation with primary anti-
body, the membranes were washed with PBST three times for
10 min and incubated for 2 h in HRP-conjugated anti-mouse IgG
(1:5000) or anti-rabbit IgG (1:5000) antibody. The immunoreac-
tivity was visualized by enhanced chemiluminescence detection
reagents (Amersham Biosciences).

2.9. Statistical analysis

The respiration data are expressed as the mean ± S.E.M. and
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Fig. 2. Mitochondria isolated from neuronal or astrocytic culture display high
respiratory control ratios. Neuronal (A) or astrocytic (B) mitochondria (0.25 mg)
were added to a Clark-type oxygen electrode chamber maintained at 37 ◦C. The
respiratory medium containing ADP (0.5 mM) stimulated the mitochondrial res-
piration (State 3). After about 2 min the ADP-induced oxygen consumption was
stopped by addition of 1.25 �g/ml oligomycin, a mitochondrial ATP-synthase
inhibitor. Rates of oxygen consumption following oligomycin addition (State 4o)
represent the resting state of respiration dependent only on the unspecific leak of
hydrogen ions across the inner mitochondrial membrane. The respiratory control
ratio (State 3 rate divided by State 4o rate) was about 9–10 for both astrocytic
and neuronal samples suggesting functionally well preserved mitochondria.

nique are very well preserved. The respiratory control ratio in
the presence of complex I-linked substrates (malate and gluta-
mate) ranges from 9 to 10 for mitochondria isolated from either
astrocytes or neurons. The State 3 and State 4o respiratory rates
are significantly lower for neuronal compared to astrocytic mito-
chondria.

The ultrastructure of mitochondria isolated by nitrogen cav-
itation is shown in Fig. 3. The electron micrographs indicate
that mitochondria obtained by this technique have very well
preserved morphological integrity. The outer and inner mito-
chondrial membranes are clearly distinguishable. The matrix
is uniformly electron dense with no apparent damage to the
inner structure. Although, the mitochondria are morphologi-
cally intact, the appearance of the infolded inner membrane
(cristae) in the two types of mitochondria is different. Neuronal
mitochondrial cristae exhibit a parallel alignment, whereas the
cristae in astrocytic mitochondria display a more random orien-
tation. These electron micrographs also indicate that the isolated
he statistical significance was determined by one-way ANOVA
ollowed by Scheffe’s F-test. Differences with P-values of <0.05
ere considered to be statistically significant. Immunoblotting

xperiments in which quantitative changes are detected were
epeated three times to confirm reproducibility.

. Results

Isolation of mitochondria from primary cell cultures employ-
ng the nitrogen cavitation technique takes approximately 1 h.
he total protein yield from 108 cortical neurons or astrocytes

s 0.4–0.5 mg of mitochondrial protein.
Typical examples of changes in oxygen consumption rates

fter ADP and oligomycin additions by astrocytic and neuronal
itochondria are shown in Fig. 2.
As shown in Table 1, the respiratory activity and coupling of

solated neuronal and astrocytic mitochondria using this tech-

able 1
itochondria isolated from neurons and astrocytes display excellent respiratory

ntegrity

ell type State 3 State 4 RCR

strocytes 64.1 ± 5.8 7.2 ± 0.9 9.2 ± 1.0
eurons 31.7 ± 6.8* 3.0 ± 0.7* 10.5 ± 2.1
on-synaptic 160.2 ± 22.5# 18 ± 2.2 9.1 ± 1.3

espiratory parameters of mitochondria in the presence of glutamate/malate
5 mM/5 mM). The rates of respiration in State 3 and in State 4 are expressed
s nmol O2/(min mg mitochondrial proteins). Results are mean ± S.E.M. of four
ifferent mitochondrial preparations isolated from different cell cultures or rat
rain.
* P < 0.05.
# P < 0.01.
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Fig. 3. Electron micrograph of neuronal (A) and astrocytic (B) mitochondria.
The outer and inner mitochondrial membranes are clearly identifiable. The
mitochondrial matrix is electron dense with no signs of swelling or damage.
Interestingly, the morphology of the cristea in neuronal mitochondria (A) have a
parallel alignment, whereas in astrocytic mitochondria the cristea are randomly
oriented. Both neuronal and astrocytic mitochondrial samples contain cell debris
visible as diffuse dark material and small vesicles. The scale bars represent 1 �m.

mitochondria are at least partially contaminated with other sub-
cellular material.

Western immunoblots were performed with lysates of mito-
chondria obtained from astrocytic or neuronal primary cell
culture and non-synaptic mitochondria isolated from brain
homogenate to probe for possible qualitative differences in mito-

chondrial and non-mitochondrial protein levels in these prepa-
rations. Antibodies specific for specific polypeptides present
in electron transport chain complexes I–III and for one sub-
unit of the ATP synthase (complex V) were used and indicated
that the relative distribution of different subunits of OXPHOS
complexes is similar for the different mitochondrial prepara-
tions (Fig. 4). The immunoreactivity of all four mitochondrial
proteins is lower in the neuronal sample compared to the astro-
cyte or brain mitochondria. While immunoreactivity of �-actin,
a cytosolic marker, is undetectable in non-synaptic brain mito-
chondria, it is evident in astrocyte mitochondria and particularly
high in neuronal mitochondria.

The cell-specific purity of our mitochondrial samples is
reflected by the immunoreactivity to the peripheral benzodi-
azepine receptor (PBR) that is expressed preferentially in glial
mitochondria (Park et al., 1996; Banati et al., 1997). As shown
in Fig. 4, a strong band is evident with astrocyte mitochondria,
whereas no immunoreactivity is detectable with neuronal mito-
chondria and only relatively weak immunoreactivity is evident
with non-synaptic mitochondria.

4. Discussion

We have developed a novel technique for the isolation of
functionally and morphologically intact mitochondria from pri-
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ary astrocytic and neuronal cell cultures. This technique com-
ines the nitrogen cavitation cell membrane disruption approach
nd the purification of mitochondrial fractions from the cell
omogenate using Percoll gradient centrifugation. As the dis-
olved gas comes out of solution, bubbles are formed, which
xpand and disrupt the cell membranes. The density of bub-
les is proportional to the nitrogen pressure under which the
as equilibrates. At pressure greater than 1000 psi, disruption of
ubcellular organelles can occur (Gottlieb and Adachi, 2000).
e therefore used 800 psi as the final equilibration pressure of

itrogen in the cavitation chamber.
The respiratory control ratio of mitochondria isolated from

ither astrocytes or neurons was approximately 9–10. A previ-
us study using a glass homogenizer to disrupt cells reported
espiratory control ratios in the range of 3.5–5.3, with the RCR
f astrocyte mitochondria lower than that of neuronal mitochon-
ria (Almeida and Medina, 1997a). The authors argued that the
eason for the differences in mitochondrial coupling between
he cell-specific mitochondria was not due to free fatty acid
ccumulation in the mitochondrial inner membrane but rather a
esult of different arrays of metabolic capabilities between neu-
ons and astrocytes leading to higher exchange rates of charged
etabolites in astrocytes. While a difference between the RCR

f mitochondria in situ within astrocytes and neurons is pos-
ible, our results indicate that respiratory control for isolated
itochondria from astrocytes and neurons is very similar when

he nitrogen cavitation procedure is used. The additional finding
hat the RCR values are considerably higher than those obtained
ith the more traditional glass vessel homogenization technique

uggests that damage to mitochondrial membranes during cell
omogenization is minimized by the use of nitrogen cavitation.
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Fig. 4. Immunoblots showing the relative distribution of mitochondrial and non-mitochondrial proteins in astrocytic, neuronal, and non-synaptic mitochondria. The
immunoreactivity of subunits of OXPHOS complexes was lower in neuronal mitochondria when compared to astrocytic and non-synaptic mitochondria. However,
the cytosolic protein �-actin was not detected in non-synaptic mitochondria, while the neuronal and astrocytic mitochondria expressed some contamination by this
protein. Immunoreactivity to the peripheral benzodiazepine receptor (PBR) was evident only in the astrocytic sample, completely lacking in neuronal mitochondria,
and slightly detectable in the non-synaptic mitochondrial sample.

Although the respiratory control ratios are similar for isolated
cortical astrocyte and neuronal mitochondria using our proce-
dure, both State 3 and State 4 respiratory rates were lower in neu-
ronal mitochondria when compared to astrocytic mitochondria.
As Bolanos et al. (1995) reported that complex I activity is higher
in astrocyte than in neuron homogenates, the lower rates in
neuronal mitochondria could be also due to a greater contamina-
tion of isolated neuronal mitochondria with non-mitochondrial
proteins. The presence of higher �-actin immunoreactivity in
the isolated neuronal mitochondria supports this explanation.
It has, however, been reported that actin is present within liver
mitochondria (Stozharov, 1985). If this observation is valid and
also applies to mitochondria within brain cells, actin should
be present within mitochondria isolated from the brain. Our
finding that �-actin is virtually undetectable in isolated adult
rat forebrain non-synaptic mitochondria supports the conclu-
sion that the actin immunoreactivity seen in the mitochondrial
fraction isolated from the neurons is due to contamination by
non-mitochondrial proteins. We speculate that the actin con-
tamination is due to trapping of actin within non-mitochondrial
membrane vesicles that are formed during nitrogen cavitation
and that have a buoyant density so similar to mitochondria
that they are present in the mitochondrial layer on the Percoll
gradient.

Electron microscopic examination revealed that mitochon-
dria isolated from both astrocytes and neurons display nor-

mal morphology, comparable to that exhibited by mitochondria
isolated from tissues, e.g., the brain. In particular, the mito-
chondria display a condensed conformation with intact outer
and inner membranes. Interestingly, the matrix cristae struc-
tures of astrocytic and neuronal mitochondria are strikingly
different, assuming a parallel arrangement in neurons and a ran-
dom arrangement in astrocytes. To our knowledge, this is the
first report of a morphologic difference between astrocyte and
neuronal mitochondria. The cause for the difference in matrix
morphology and its physiologic significance remains to be
elucidated.

Immunoreactivity for the peripheral benzodiazepine receptor
was observed with astrocytic mitochondria and no detectable
signal was obtained with isolated neuronal mitochondria. Non-
synaptic brain mitochondria expressed detectable, albeit low
levels of PBR. This is in agreement with reports that the PBR
is localized primarily in glial cells (Park et al., 1996). How-
ever, recent studies measuring PBR ligand binding in vivo fol-
lowing traumatic brain injury suggest that PBR is associated
primarily with activated microglia rather than reactive astro-
cytes (Conway et al., 1998; Raghavendra et al., 2000). Another
study found that the PBR ligand PK11195 stimulates much
more free radical production in cultured microglia and astro-
cytes than in neurons (Jayakumar et al., 2002). The presence of
immunoreactive PBR in mitochondria isolated from astrocytes
is therefore consistent with these observations but could also
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indicate that our astrocyte cultures are partially contaminated
with microglia.

The use of nitrogen cavitation has also been applied to iso-
lation of mitochondria from brain synaptosomes. Using percoll
gradient centrifugation, non-synaptic mitochondria can be sepa-
rated from synaptosomes (synaptic vesicles formed from synap-
tic boutons during homogenization of the brain tissue (Sims
et al., 2000; Sims, 1990; Lai and Clark, 1979, 1989; Nicholls,
1978). Non-synaptic mitochondria represent somatic mitochon-
dria from both neurons and glia. Previously, synaptosomal mito-
chondria were further isolated by disrupting the synaptosomal
membrane either by using hypo-osmotic shock (Lai and Clark,
1979) or by applying digitonin that removes cholesterol from
the plasma membranes (Elias et al., 1978; Rosenthal et al.,
1987). Recently, nitrogen cavitation was employed to disrupt
the synaptosomes and isolate both synaptic and non-synaptic
mitochondria from brain homogenates (Brown et al., 2004). The
relative ratio of glial and neuronal mitochondria in non-synaptic
mitochondrial population is not known.

Since there is about the same mitochondrial to cytosolic vol-
ume ratio in neurons and glia (3–8%) (Pysh and Khan, 1972) and
since there is 10–50 times more glial cells than neurons in the
brain, one can assume that the majority of non-synaptic mito-
chondria are glial in origin. However, this assumption is correct
under the condition that the average volumes of neurons and glia
are the same.
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