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Mitochondrial dysfunction contributes to the pathophysiology of both acute and chronic neurodegenerative disorders. Quantification of
mitochondrial bioenergetic properties generally requires the use of isolated brain mitochondria. However, the involvement of neuronal
mitochondrial dysfunction in these disorders is limited by the lack of markers, and therefore isolation procedures, that distinguish
neuronal compared with astrocyte mitochondria. To address this and other issues concerning neuronal mitochondria in the CNS,
transgenic mice were generated that express a fluorescent protein targeted specifically to neurons. A neuron-specific promoter, CaMKII�
(calcium/calmodulin-dependent kinase II�) driven tTA (tetracycline transactivator) mice were crossed with TRE (tetracycline respon-
sive element) driven mitochondrial targeted enhanced yellow fluorescent protein (eYFP) mice. Expression of eYFP in the bigenic mouse
brain was observed only in neuronal mitochondria of striatum, forebrain, and hippocampus and was enhanced by the removal of the
tetracycline analog doxycycline (Dox) in the diet. The respiratory control ratio of synaptic and nonsynaptic mitochondria isolated from
eYFP-expressing mice was the same as control mice, suggesting that neuronal mitochondria expressing eYFP maintain normal bioener-
getic functions. More importantly, the development of Dox-inducible, neuron targeted mito/eYFP transgenic mice offer a unique in vivo
model for delineating the participation of neuronal mitochondria in neuronal survival and death.
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Introduction
Mitochondria produce ATP via oxidative phosphorylation, reg-
ulate cellular Ca 2� homeostasis through its calcium uniporter
and membrane potential, generate and detoxify reactive oxygen
and nitrogen species, and regulate cell death pathways via release
of apoptotic proteins (for review, see Nicholls and Budd, 2000).
Alterations in these mitochondrial pathways have been impli-
cated to play a causal role in aging and in age-associated neuro-
degenerative disorders (Novelli et al., 1988; Liu et al., 1996; Fis-
kum et al., 1999; Betarbet et al., 2000; Balaban et al., 2005; Beal,
2005). To study mitochondrial participation in neurodegenera-
tion, mitochondria isolated from neurotoxin and genetic based
mouse models are being used. Evidence suggests that isolated
brain mitochondria show heterogeneous response. For example,
when the swelling of brain mitochondria was examined by elec-
tron microscopy, a clear-cut heterogeneity in response to calcium
was revealed (Brustovetsky and Dubinsky, 2000; Kristian et al.,
2000, 2001, 2002). Although a small subpopulation of brain mi-
tochondria showed typical characteristics of swelling (translu-
cency, damaged cristae) and some mitochondria were without

significant morphological alterations, the majority of mitochon-
dria displayed shrunken matrices with expansion of the inter-
membrane space. This type of heterogenic response was pre-
served even in the presence of adenine nucleotides, a condition
more closely resembling the intracellular environment. Mito-
chondria isolated from brain come from at least two major
sources, neurons and glia. At present, there are no specific mark-
ers that can be used to identify or isolate either neuronal or glial
mitochondria. To overcome this limitation, primary cultures of
neurons and astrocytes are used (Almeida and Medina, 1998;
Kristian et al., 2006). Using primary cultures, we and others have
observed differences in mitochondrial calcium uptake capacity
and differences in response to mitochondrial permeability tran-
sition between neuronal and astrocytic mitochondria (Bambrick
et al., 2004, 2006; Brown et al., 2006). If neuronal and astrocytic
mitochondria differ in their responses to calcium, then the het-
erogeneous response in isolated brain mitochondria could reflect
differences in the cellular source of origin of mitochondria. Thus,
there is a need to develop markers that can be used to identify and
separate neuronal versus glial mitochondria.

Recent developments in transgenic technology provide an op-
portunity to target expression of marker fluorescent proteins to
specific subcellular compartments and to specific cellular popu-
lations. Using the tetracycline system of regulated expression, we
generated a transgenic mouse that expresses an enhanced yellow
fluorescent protein (eYFP) specifically in neuronal mitochon-
dria, and this expression is induced by the removal of doxycycline
from the diet. Mitochondria isolated from the brains of the eYFP-

Received Sept. 25, 2006; revised Nov. 14, 2006; accepted Nov. 14, 2006.
This work was supported by National Institutes of Health Grants R21NS050653 (T.K.), NS49425, and NS34152

(G.F.). We thank Dr. Zara Mehrabian for preparing primary neuronal cultures and Maryna Petrasheuskaya for main-
taining and genotyping mice.

Correspondence should be addressed to either Krish Chandrasekaran or Tibor Kristian, Medical School Teaching
Facility 5-34, 685 West Baltimore Street, Baltimore, MD 21201. E-mail: kchan004@umaryland.edu or
tkris001@umaryland.edu.

DOI:10.1523/JNEUROSCI.4191-06.2006
Copyright © 2006 Society for Neuroscience 0270-6474/06/2613123-05$15.00/0

The Journal of Neuroscience, December 20, 2006 • 26(51):13123–13127 • 13123



expressing mice maintain normal mitochondrial functions. The
development of the transgenic mice provides an in vivo model to
study specifically the role of neuronal mitochondria in energy
metabolism, in models of stroke and chronic neurodegenerative
disorders.

Materials and Methods
Generation of pTet CaMKII�-mito/eYFP transgenic mice. Animal experi-
ments were performed in accordance with the Guide for the Care and Use
of Laboratory Animals and approved by the University of Maryland In-
stitutional Animal Care and Use Committee. Mitochondrial eYFP (mito/
eYFP) encodes a fusion protein of mitochondrial targeting sequence
from subunit VIII of human cytochrome c oxidase with eYFP. The frag-
ment of mito/eYFP was generated by digesting the plasmid pEYFP-mito
(Clontech, Mountain View, CA) with the restriction enzymes NheI and
NotI. The mito/eYFP fragment was cloned between NheI and NotI sites of
the tetracycline-responsive element (TRE) plasmid pTRE2-Hyg (Clon-
tech). The insert devoid of vector sequences, containing the tet-
responsive promoter upstream of the mito/eYFP coding sequence and
�-globin poly(A) signal, was used for injection into fertilized C57BL/6
eggs to create pTRE-mito/eYFP transgenic founders. The mice developed
in this study will be deposited in a resource open to the community.

Transgenic mice expressing the tetracycline-controlled transactivator
protein (tTA) under regulatory control of the forebrain-specific calcium/
calmodulin-dependent kinase II� (CaMKII�) promoter (pCaMKII�-
tTA) was purchased from The Jackson Laboratory (Bar Harbor, ME)
(Mayford et al., 1996).

Bigenic mice that are positive for both pCaMKII�-tTA and TRE-mito/
eYFP (double-positive or bigenic) were obtained by crossing pTRE-
mito/eYFP mice with pCaMKII�-tTA mice.

Genotyping. Animals positive for the transgene were identified by PCR
using genomic DNA, isolated from the tails (Qiagen, Valencia, CA). The
primers were designed to hybridize with the mito/eYFP coding region
(forward primer, GCTGACCCTGAAGTTCATCTGC, and reverse
primer, CATGATATAGACGTTGTGGCTGTTG) to amplify a 338 bp
fragment. In the case of CaMKII�, the primers (forward primer, GCT-
GTGGGGCATTTTACTTTAG, and reverse primer, CATGTCCA-
GATCGAAATCGTC) were designed to amplify a 450 bp fragment. Fifty
nanograms of genomic DNA were used in the PCRs, with a program of
one cycle of 94°C for 3 min, 35 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 30 s, and one cycle of 72°C for 5 min. The PCR products were
separated on 1% agarose gel, stained with ethidium bromide, and
imaged.

Doxycycline-responsive regulation of eYFP expression. The parents of the
bigenic mice were fed a normal diet. Because pCaMKII-tTA is a tet-off
system, the bigenic pups that inherits both pCaMKII-tTA and pTRE2-
mito/eYFP genes expressed eYFP and exhibited fluorescence in the brain,
which could be visualized through the skull at postnatal day 1 using a
fluorescence visualization goggle (GFSP-5; Biological Laboratory Equip-
ment, Budapest, Hungary). We examined doxycycline-responsive regu-
lation of transgene expression in the bigenic mice by replacing
doxycycline-free diet with doxycycline (200 mg/kg; BioServ, French-
town, NJ) containing diet.

Isolation of synaptic and nonsynaptic brain mitochondria. Reagents
were from Sigma (St. Louis, MO), unless otherwise indicated. Male (20 g)
transgenic or wild-type C57BL/6 mice were used. Mice were decapitated,
and brains were removed and homogenized in ice-cold isolation medium
containing 225 mM mannitol, 75 mM sucrose, 5 mM HEPES, and 1 mM

EGTA, pH 7.4, at 4°C. We used a slightly modified procedure by Dunkley
et al. (1988) to separate synaptosomes and nonsynaptic mitochondria.
After low-speed spin (1300 � g for 3 min) of the brain homogenate, the
supernatant was centrifuged at 21,000 � g for 10 min. The pellet was
suspended in 3% Percoll (Amersham Biosciences, Piscataway, NJ) and
layered on top of preformed gradient of 24% (3.5 ml), 15% (2 ml), 10%
(1.5 ml) of Percoll and centrifuged at 32,000 � g for 8 min. Nonsynaptic
mitochondria sedimented at the bottom of the tube and the synapto-
somes accumulated at the interface of 24 and 15% Percoll and also at the
interface of 15 and 10% Percoll. The fraction of nonsynaptic mitochon-

dria was diluted with isolation medium and centrifuged to sediment the
purified nonsynaptic mitochondria. The synaptosomes were collected
and the mitochondria were released from synaptosomes using a nitrogen
cavitation technique (Brown et al., 2004; Kristian et al., 2006). The sus-
pension was layered on to a preformed gradient of 40% (1.5 ml) and 24%
(3.5 ml) Percoll. The mitochondria accumulate at the interface of 40 and
24% Percoll gradient. After the mitochondrial fraction was collected and
diluted with isolation medium, it was centrifuged to pellet purified syn-
aptic mitochondria. Both nonsynaptic and synaptic mitochondria were
suspended in isolation medium containing 1 mg/ml bovine serum albu-
min (BSA) to remove free fatty acid from mitochondrial membranes.
After centrifugation at 7500 � g, the mitochondrial pellet was suspended
in isolation medium without EGTA.

Respiration measurements. Mitochondrial respiratory functions were
examined by measuring the oxygen consumption rates with a Clark-type
oxygen electrode (Hansatech Instruments, Norfolk, UK). Mitochondria
(0.25 mg of protein) were suspended in 0.5 ml of medium consisting of
125 mM KCl (ultrapure; EM Science, Fort Washington, PA), 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. State 3 respiration was initiated by
the addition of 0.2 mM ADP. Approximately 2 min later, state 3 respira-
tion was terminated and state 4o respiration (resting) was initiated with
addition of 2.5 �g/ml oligomycin, an inhibitor of the mitochondrial ATP
synthetase. The use of oligomycin eliminates the contribution of ATP
cycling via hydrolysis by contaminating ATPases and resynthesis by the
mitochondrial ATP synthetase to state 4 respiration. The oligomycin-
induced state 4o rate of respiration is therefore a more specific indicator
of mitochondrial proton cycling limited by passive proton leakiness of
the inner membrane. The respiratory control ratio was defined as state 3
rate divided by state 4 rate. The rates of oxygen consumption are ex-
pressed as nanomoles of O2 per minute per milligram of mitochondrial
proteins.

Protein concentrations were determined using a Lowry DC kit (Bio-
Rad, Hercules, CA). Bovine serum albumin was used as standard.

Results were expressed as means � SD. Statistical significance was
determined using a paired Student t test.

Western blotting. Western blot analysis against eYFP was performed
using a peptide monoclonal antibody (JL-8; BD Biosciences, San Jose,
CA). Aliquots of synaptic and nonsynaptic mitochondria were processed
for Western blot as described previously (Kristian et al., 2006). The pep-
tide monoclonal antibody of eYFP was used at 1:10,000 dilutions in 5%
nonfat milk in PBST. Horse anti-mouse IgG coupled to horseradish per-
oxidase (1:10,000; Cell Signaling Technology, Danvers, MA) was used as
secondary antibody. The immunoreactivity was visualized by
chemiluminescence.

Immunohistochemistry. Mice were perfusion-fixed with 4% parafor-
maldehyde in phosphate buffer, and brains were postfixed in 4% para-
formaldehyde for 24 h, and transferred into 30% sucrose. For immuno-
histochemistry, coronal sections of 30 �m were cut and stored in
cryoprotectant solution at �20°C. Sections were rinsed free of cryopro-
tectant with Tris-buffered saline, exposed to a 1% solution of sodium
borohydride, and rinsed again. Tissue was then placed in preheated 0.01

Figure 1. Genomic identification and mitochondrial expression of eYFP in the bigenic mice.
A, Fifty nanograms of genomic DNA prepared from the tails were amplified by PCR. CaMKII�-
positive mice amplified a 450 bp PCR fragment (lane 1), mito/eYFP-positive mice amplified a
338 bp PCR fragment (lane 2), and the bigenic mice amplified both fragments (lane 3). M,
Molecular weight marker. B, Western blot analysis of synaptic mitochondria (SM) and nonsyn-
aptic mitochondria (NSM) isolated from bigenic and from control wild-type (WT) mice showed
the presence of eYFP only in the bigenic mice. Porin was used as a mitochondrial marker protein.
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M citrate buffer, pH 6.0, and heated further in a microwave to improve
antigen accessibility. Sections were blocked (1:30 in dilution buffer of 1%
NGS and 1% BSA in TBS plus 0.2% Triton X-100) for 1 h and then
treated with anti-neuronal nuclei (NeuN) monoclonal antibody
(Chemicon, Temecula, CA) at 1:10,000, anti-glial fibrillary acidic protein
antibody (GFAP) antibody (DakoCytomation, Carpinteria, CA) at
1:10,000, anti-cytochrome oxidase subunit I (COX I) monoclonal anti-
body (Invitrogen, Carlsbad, CA) at 1:5000 in dilution buffer for 48 h at
4°C. Tissue was then exposed to a secondary antibody (goat anti-mouse
conjugated to Alexa Fluor 594 or goat anti-rabbit conjugated to Alexa
Fluor 555; Invitrogen) for 1 h at 1:600 in dilution buffer.

Results
Generation of neuron-specific mito/eYFP mice
To achieve eYFP expression within neuronal mitochondria, a
neuron-specific promoter, CaMKII�, driven tTA mice
(pCaMKII�-tTA) were crossed with TRE promoter regulated
mito/eYFP transgenic mice (pTRE2-mito/eYFP). pCaMKII�-
tTA is a tet-off system; therefore, induction of expression of mito/
eYFP in the bigenic mice occurs in the absence of doxycycline and
is inhibited in presence of doxycycline. We observed that, by
providing the mating pairs with normal diet, the pups that inher-
ited both pCaMKII�-tTA and pTRE2-mito/eYFP genes could be
identified at postnatal day 1 by the expression of the fluorescent
protein mito/eYFP, which could be visualized through the skull
using fluorescence goggles. Tail DNA analysis confirmed the
presence of both genes (Fig. 1A). Positive bigenic mice and wild-
type nontransgenic controls maintained on a normal diet were
killed at 3 weeks of age, synaptic and nonsynaptic mitochondria
were isolated, and the presence of eYFP was determined by West-

ern blot analysis. The results (Fig. 1B) con-
firmed the presence of eYFP within mito-
chondria of bigenic mice. Western blot
analysis also showed an absence of eYFP in
the individual pCaMKII�-tTA and
pTRE2- mito/eYFP transgenic mice (data
not shown) and in wild type (Fig. 1B).

No differences in appearance or in
health were noted between the bigenic and
nontransgenic C57BL/6 mice. The breed-
ing pattern, the transmission of the trans-
gene to progeny was normal, and eYFP ex-
pression was seen up to six generations.

Doxycycline regulates
mito/eYFP expression
Doxycycline regulation of transgene ex-
pression was studied under the following
two conditions: (1) regular doxycycline-
free diet was replaced with doxycycline
(200 mg/kg; BioServ) containing diet for
7– 8 weeks (starting from postnatal day 1),
expression of mito/eYFP was induced by
feeding the animals with doxycycline-free
diet for a period of 7 d, mice were either
killed for isolation of mitochondria or
their brains were perfused for microscopic
examination; (2) regular doxycycline-free
diet was replaced with doxycycline diet for
7– 8 weeks (starting from postnatal day 1),
expression of mito/eYFP was induced by
feeding the animals with doxycycline-free
diet for a period of 7 d, this was followed by
doxycycline-containing diet for 3– 4
weeks, mice were either killed for isolation

of mitochondria or their brains were perfused for microscopic
examination. The results on the expression of mito/eYFP and
regulation by doxycycline are shown in Figure 2, A and B. The
expression of mito/eYFP (Fig. 2A) was highest in striatum, fol-
lowed by the forebrain, neocortex, and hippocampus. The ex-
pression was absent in the cerebellum (data not shown) but was
present in spinal cord motor neurons in the dorsal horn.

Mito/EYFP is expressed in neuronal mitochondria
To confirm eYFP expression specifically within neurons of the
bigenic mice, brain sections were immunostained with anti-
NeuN antibody (Fig. 2C) or with anti- GFAP antibody (Fig. 2D).
The results showed clearly that eYFP expression is neuronal, cor-
responded with the neuronal marker, NeuN, and did not colo-
calize with GFAP staining. At higher magnification, the expres-
sion of eYFP was punctate, present in neuronal cell bodies and in
neuropil, and corresponded with neurons (Fig. 2E) and not with
glial cells (Fig. 2F). To ensure that eYFP is localized to mitochon-
dria, brain sections that expressed eYFP (Fig. 2G, left) were im-
munostained with anti-cytochrome oxidase subunit I antibody
(Fig. 2G, middle). EYFP expression colocalized with the mito-
chondrial marker (Fig. 2G, right).

The results obtained in the hippocampal region of the brain
are shown in Figure 3A. At higher magnification in the CA1 re-
gion of the hippocampus (Fig. 3B), expression of eYFP was clearly
seen in neuronal cell bodies and in the processes. Immunostain-
ing with NeuN antibody also showed that eYFP was not expressed
in mitochondria of all neuronal cells (Fig. 3C,D). Similar neuro-

Figure 2. Neuron-specific mitochondrial expression of eYFP and its regulation by doxycycline. A, B, Mito/eYFP expression was
induced by feeding the bigenic mice with normal diet (A) or suppressed by feeding with doxycycline-containing diet (B). Coronal
sections were visualized under fluorescence microscopy. C, D, Adjacent sections were counterstained with monoclonal anti-NeuN
antibody (C) followed by secondary antibody (anti-mouse conjugated to Alexa Fluor 594) or with polyclonal anti-GFAP antibody
(D) followed by secondary antibody (anti-rabbit conjugated to Alexa Fluor 555). Note colocalization of eYFP with NeuN staining.
E, F, A higher magnification of eYFP fluorescence in cortical neurons shows colocalization with NeuN (E) but not with GFAP (F ). G,
Immunostaining of neurons from dentate gyrus with anti-cytochrome oxidase subunit I antibody (middle) showed eYFP expres-
sion (left) colocalized with the mitochondrial marker protein (right). Scale bars: A–D, 250 �m; E–G, 25 �m. DOX, doxycycline; Str,
striatum; Ctx, cortex.
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nal mitochondrial localization was observed in hippocampal
CA2 and CA3 and dentate gyrus neurons. Again, mitochondrial
eYFP fluorescence was not seen in all hippocampal neurons.

Mitochondrial function is normal in eYFP mitochondria
To study the role of neuronal mitochondria in physiology and
pathology using these transgenic mice, it is important to deter-
mine whether the mitochondria that express eYFP functions nor-
mally. We isolated synaptic and nonsynaptic mitochondria and
measured their rates of respiration using oxygen electrode. The
results are shown in Figure 4. Both state 4 (oligomycin sensitive,
basal) and state 3 (ADP-stimulated) rates were found to be unaf-
fected by the expression of eYFP within the mitochondria. Syn-
aptic mitochondria represent predominantly neuronal mito-
chondria. Similar rates of respiration in synaptic mitochondria of

WT and transgenic mice suggests that eYFP expression does not
interfere with normal mitochondrial bioenergetic functions.

Discussion
The tetracycline (TET) system was chosen for the generation of
the transgenic mouse because it allows combinatorial targeting of
mitochondrial targeted yellow fluorescent protein (mito/eYFP)
to be expressed in different cell populations using genetic crosses
(Mayford et al., 1996; Kim et al., 2003). In addition, a temporal
control overexpression could be achieved by feeding or with-
drawing the tetracycline analog, doxycycline, from the diet. In
this study, we crossed neuron-specific promoter driven tTA (tet-
off) mice with TRE2-mito/eYFP mice to achieve expression of
eYFP within neuronal mitochondria. We regulated the expres-
sion of eYFP with the doxycycline diet. Feeding the bigenic mice
with normal diet induced the expression of eYFP (Fig. 2A),
whereas feeding the mice with doxycycline-containing diet abol-
ished the expression of eYFP (Fig. 2B). These results suggest that
the tet-responsive regulation could be used to induce the expres-
sion of eYFP at different developmental stages.

Expression of eYFP was highest in striatum, followed by the
forebrain, neocortex, and hippocampus, and was localized to
neurons. The pattern of expression of eYFP corresponded with
the expression of the endogenous CaMKII� gene (Burgin et al.,
1990). In the cortex and hippocampal subfields, expression of
eYFP was not present in all neuronal populations. This suggests
that the CaMKII� promoter activity may vary among neuronal
populations (Mayford et al., 1996; Hasan et al., 2004). Despite
this restriction, sufficient number of neurons expressed mito/
eYFP (20 –50%, depending on the brain region), and thus the
mito/eYFP transgenic provides a powerful tool to study neuronal
mitochondrial function.

We used mitochondrial DNA-encoded cytochrome oxidase
subunit I to determine mitochondrial localization of eYFP. Ex-
pression of eYFP colocalized with COX I in the majority but not
all mitochondria. Expression of COX subunits varies among mi-
tochondrial populations in brain tissue, reflecting differences in
mitochondrial functional activity (Hevner and Wong-Riley,
1993). In contrast, mito/eYFP expression occurs in all mitochon-
dria of CaMKII�-responsive neurons regardless of their func-
tional activity. Therefore, the immunoreactivity for cytochrome
oxidase subunit I in some of the mitochondria can be below the
threshold of detection. Because all the COX immunostaining co-
localized with eYFP, we interpret these results to suggest that the
expression of eYFP in the bigenic mice is specific to neuronal
mitochondria.

The rates of respiration in synaptic and nonsynaptic mito-
chondrial fraction were unaffected by the expression of mito/
eYFP, which suggests that eYFP expression does not interfere
with normal mitochondrial bioenergetic functions. Additional
evidence showed that expression of mito/eYFP does not alter
mitochondrial functions and therefore can be used to monitor
morphological, physiological, and pathological changes in mito-
chondria. Thus, for example, expression of mito/eYFP has been
used to monitor the size and movement of mitochondria in pri-
mary neuronal cultures (Chang et al., 2006) in response to expo-
sure to glutamate-induced excitotoxicity (Rintoul et al., 2003),
mito/eYFP has been used to monitor mitochondrial changes in
pH (Takahashi et al., 2001), and mito/eYFP or mito/GFP has
been used as a marker to demonstrate mitochondrial fission and
fusion in response to apoptotic stimuli (Karbowski et al., 2004).
In all of these studies, primary cell cultures or cultures transfected
with mito/eYFP were used.

Figure 3. Neuronal mitochondria-specific expression of mito/eYFP in the hippocampus. A,
Coronal sections of bigenic mice were subjected to immunohistochemical assay using anti-
NeuN antibody followed by secondary antibody (conjugated to Alexa Fluor 594). B, Imaging of
hippocampal CA1 neurons (boxed region of A) at higher magnification shows presence of mito/
eYFP in neuronal cell body and in processes. C, Combined imaging of mito/eYFP and neuronal
staining shows neuronal mitochondria-specific presence of mito/eYFP. D, Distribution of neu-
rons with anti-NeuN antibody alone is shown. Scale bars: A, 250 �m; B–D, 25 �m.

Figure 4. Mitochondrial respiration measurements. Mitochondrial state 3 (plus ADP) and
state 4 (plus oligomycin) respirations were measured by the oxygen consumption rates with a
Clark-type oxygen electrode in nonsynaptic ( A) and synaptic (B ) mitochondria isolated from
bigenic and wild-type mice. No significant difference in the respiratory control ratio for nonsyn-
aptic mitochondria [state 3/state 4 � 6.0 � 1.2 in wild type (the 95% confidence intervals
have minimum/maximum values of 5.1/6.9) and 6.5 � 1.3 for eYFP (the 95% confidence
intervals have minimum/maximum values of 5.1/7.3); n � 5; p � 0.797, two-tailed t test] and
synaptic mitochondria [state 3/state 4 � 6.0 � 0.7 in wild type (the 95% confidence intervals
have minimum/maximum values of 5.4/7.0) and 6.4 � 1.1 for eYFP (the 95% confidence
intervals have minimum/maximum values of 5.6/7.6); n � 5; p � 0.429, two-tailed t test] was
found between the bigenic and wild-type mice. Error bars indicate SD. WT, Wild type.
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In summary, the transgenic mice developed in this study pro-
vide opportunities to answer a number of existing questions. For
example, (1) acute brain slices prepared from mito/eYFP-
expressing mice could be combined with mitochondrial
NADP(H) fluorescence or with dyes that measure mitochondrial
membrane potential to determine neuronal mitochon-
drial changes in response to increased neuronal activity (Kasis-
chke et al., 2004; Brennan et al., 2006) [or how does exposure to
mitochondrial toxins such as MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) or rotenone affect neuronal mitochondria?];
(2) expression of mito/eYFP could be targeted to different cells,
for example, to astrocytes, by crossing our mice with GFAP
driven tet mice (GFAP-rtTA) (Kim et al., 2003) or to dopaminer-
gic neurons using tyrosine hydroxylase (TH) promoter driven tet
mice (TH-rtTA) (Gardaneh and O’Malley, 2004); (3) biochemi-
cal methods could be developed using mito/eYFP as a marker
protein to isolate either neuronal or glial mitochondria (Kristian
et al., 2006); and (4) the transgenic mice developed in this study
could be crossed with other genetic models of chronic neurode-
generative diseases to evaluate the role of neuronal mitochondria
in degeneration.
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