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1 Introduction

Traumatic brain injury(TBI) remains the most common cause

Abstract. Traumatic brain injury (TBI) remains the most common
cause of death in persons under age 45 in the Western world. One of
the principal determinants of morbidity and mortality following TBI is
traumatic axonal injury (TAl). Current hypotheses on the pathogenesis
of TAl involve activation of apoptotic cascades secondary to TBI.
While a number of studies have demonstrated direct evidence for the
activation of apoptotic cascades in TAl, the precise pathway by which
these cascades are initiated remains a subject of intense investigation.
As axolemmal disruption with the subsequent intra-axonal influx of
large molecular weight species has been demonstrated to occur in
relation to local axonal breakdown, attention has focused on cascades
that may occur as a result of loss of ionic homeostasis. One proposed
pathway by which this has been hypothesized to occur is the
Ca’*-mediated activation of calmodulin and subsequent activation of
the phosphatase calcineurin with dephosphorylation of a protein
known as BAD, leading to a proapoptotic interaction between BAD
and the mitochondrial protein Bcl-xL. While this pathway is an in-
triguing route for traumatic axonal pathogenesis, neither conventional
immunocytochemical/histochemical nor ultrastructural approaches
have had the capacity to shed insight on whether BAD and Bcl-xL
interact in TAl in vivo. We describe the implementation of confocal
and two-photon excitation fluorescence resonance energy transfer
(FRET) microscopy techniques through which we demonstrate inter-
action between the proapoptotic protein BAD and the prosurvival
protein Bcl-xL within TAI following TBI. Further, we report on a
method to reliably detect protein interactions within aldehyde fixed
tissue sections through conventional immunohistochemical ap-

proaches. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1584443]

Keywords: fluorescent resonance energy transfer; confocal and two-photon fluores-
cent resonance energy transfer, BAD; Bcl-xL; traumatic axonal injury; tissue fluores-
cent resonance energy transfer.

Paper MM-11 received Feb. 16, 2003; revised manuscript received Mar. 14, 2003;
accepted for publication Mar. 24, 2003.

injury in animals and humans will greatly enhance the transi-

tion of promising treatments from benchtop to bedside.

of death in persons under age 45 in the Western world. The Cyrren} hypothgses on the pathogeness OT TAL ba.sed.on
. . . . . previous immunohistochemical and histochemical studies, in-
soue_tal_ |mpact is profound, with 2 million cases, 220,000 volve activation of apoptotic cascades secondary to (Ref.
hosp|tal|zat|ons,_and 52,090 deaths from head tragmg 0CCUr-4) A pivotal element of these hypotheses invokes poten-
ring each year in the United Statt&One of the principal  tja| interaction between the proapoptotic protein BAD and
determinants of morbidity and mortality following TBI is  prosurvival protein Bcl-xL. The interaction between BAD and
traumatic axonal injuryTAI). While multiple tissue and ani-  Bcl-xL provide a theoretical link between studies demonstrat-
mal studies have proposed various pharmacological or physi-ing overt axolemmal disruption with presumed loss of ionic
ological interventions to reduce axonal injury, these studies homeostasis and studies demonstrating mitochondrial disrup-
have not translated into novel therapeutic options in the clini- tion with cytochromec release and activation of caspase pro-
cal setting® The development of new methods for detecting teolytic enzymes in relation to local axonal breakdoWhis

. O e ; ;
protein interactions and elucidation of critical mechanisms of proposed theoretical link involves t -medla_lted activa-
tion of second messengers such as calmodulin secondary to

the loss of ionic homeostasis across a traumatically perturbed
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axolemma. Targets of calmodulin include the phosphatase cal-cyanoacrylate and centered between bregma and lambda. Isof-
cineurin, which can dephosphorylate and activate the proapo-lurane was stopped until animals regained respiratory and
ptotic protein BAD. Inin vitro models of apoptosis and mod- hindleg reflexes. The animal was then placed prone on a foam
els of spinal cord injury, dephosphorylated BAD has been bed with the metal disk directly under a Plexiglas tube. A
shown to translocate to the mitochondria and bind to the pro- 450-g brass weight was dropped through the tube from a
survival protein Bcl-xL, leading to the breakdown of height of 2 m, striking the disk. The animal was then venti-
mitochondrig® As mitochondrial breakdown with release of lated on100% G while the skull was inspected for fracture,
cytochromec accompanied by activation of the caspase cas- which would eliminate the animal from the study, and the
cade of proteolytic enzymes has been demonstrated in relationincision was sutured with 3-0 Vicryl sutures. When the animal
to local axonal breakdowh® calcineurin-mediated dephos- recovered spontaneous respirations, the endotracheal tube was
phorylation of BAD with displacement of Bcl-xL has been removed and the animal was returned to its cage for postop-
hypothesized to play a role in traumatic axonal pathogenesis.erative observation. Sham surgery animals underwent an iden-
Current techniques for exploring protein interactions in tis- tical procedure with the exception of the weight striking the
sue are limited. Techniques such as coimmunoprecipitation, metal disk.
affinity chromatography, and two-hybrid yeast systems re-  All procedures involving live animals were approved by
quire the homogenization of gross samples of tissue. Thus,the Institutional Animal Care and Use Committee of the Uni-
while providing information on overall changing trends of versity of Virginia, and were performed according to the prin-
protein interactions, they provide little information on how ciples of theGuide for the Care and Use of Laboratory Ani-
protein interactions occur at the individual cellular level. Nei- mals published by the Institute of Laboratory Resources,
ther conventional immunohistochemical/histochemical nor ul- National Research CoundiNIH publication 85-23—298b6
trastructural approaches have the capacity to shed insight on

whether BAD and Bcl-xL interact in TAin vivo. 2.2 Tissue Preparation
In this paper, we describe an approach for employing fluo- Six hours following injury, © 1 h following sham injury, ani-
rescence resonance energy tran§iET) microscopy in tis- mals were euthanized with a lethal dose injection of 0.5-ml

sue in anin vivo model of neurological disease using Ketamine and 0.5-ml Xylazine. The animals were then imme-
aldehyde-fixed rat brain tissue sections. FRET is a quantumdiately perfused transcardially with 200 ml cold 0.9% saline
mechanical property detected by light microscopy involving to wash out all blood. This was followed by 4% paraformal-
radiationless energy transfer from an excited donor fluoro- dehyde in Millonigs buffer, initially at 200 ml/min for 2 min,

phore to an acceptor fluorophore directly through resonancethen at 20 ml/min for 40 min. The entire brain, brainstem, and

interactions across limited distanc8sWhile FRET micros- rostral spinal cord was removed and immediately placed in
copy has yielded significant insighis vitro in determining 4% paraformaldehyde for 24 h.
protein interactions in cell culture preparatidhst®it is a tool Following 24 h of fixation, the brain was blocked by cut-

that remains relatively unexploréal vivo with tissue analysis.  ting the brainstem above the pons, cutting the cerebellar pe-
Specifically, the current investigation employs confocal and duncles, and then making sagittal cuts lateral to the pyramids.
two-photon excitation FRET microscopy to explore protein The resulting tissue containing the corticospinal tracts and the
interactions in TAI following TBI. While there arén vitro medial lemnisci, areas shown previously to yield traumati-
models to assess the effect of stress and strain on individualcally injured axons, was then sagitally cut on a vibratome into
axons and neuronal cell bodies following TBI, the full spec- sections either 40, 60, 80, or 1Q@m thick. These sections
trum of injury resulting from the complex biomechanical in- were serially placed in phosphate buffered salif8S in
teractions among glia, neurons, axons, and the extracellular12-well plates. The tissue was washed three times in PBS,
milieu cannot be adequately assesseditro. As such, the  followed by 1 h in 1%hydrogen peroxide in PBS to eliminate

capacity to employ FRET microscopy in studying TAI follow-  endogenous peroxidase activity, followed by three additional
ing TBI constitutes a significant advance in determining the washes in PBS.

pathogenesis of TAI. The tissue underwent temperature-controlled microwave
antigen retrieval with our previously described technidue.

2 Materials and Methods Specifically, .the tissue was placed .in citric ac!d buffer and

) then placed in a laboratory grade microwave with a tempera-

2.1 Animal Surgery ture probe and two beakers of ice water to reduce thermal

Adult male Sprague-Dawley rats were subjected to an impact effects. The tissue was microwaved for 5 min at 70% power,
acceleration injury described previously in detéilSpecifi- with the probe in an additional well filled with an equal vol-

cally, rats weighing between 350 and 400 g received induction ume of distilled water, such that if the temperature exceeded
anesthesia using 5% Isoflurane in a bell jar for 8 to 10 min. 45 °C, the microwave power was suspended until the tempera-
Following anesthesia induction, animals were endotracheally ture was below 45 °C. The tissue was then removed from the
intubated and maintained on 3% Isoflurane3@% O, and microwave for 5 min, during which time ice packs were
70% N,O using a modified medical anesthesia machine. The placed in the microwave. The tissue then underwent an addi-
animals were then shaved and prepared in sterile fashion fortional 5 min of microwaving, again using beakers of ice water
surgery, followed by subcutaneous injection of 1 ml of 0.25% and the temperature probe. The tissue was then allowed to
bupivicane into the planned incision site. A 3-cm midline in- cool for 20 min on a shaker plate, followed by three rinses in
cision in the scalp was then made, and periostial membranesPBS. The tissue was preincubated in a solution containing
were separated, exposing bregma and lambda. A metal disk 101L0% normal goat seruiNGS) and 0.2% Triton X in PBS for
mm in diameter and 3 mm thick was attached to the skull with 40 min.

348 Journal of Biomedical Optics ¢ July 2003 * Vol. 8 No. 3



2.3 Immunohistochemistry

The tissue was incubated in polyclonal antibody raised in rab-
bit against Bcl-xL amino acids 126 to 188c-7195, Santa
Cruz Biotechnologyat a dilution of 1:200 in 1% NGS in PBS
overnight at 4 °C. Following incubation in primary antibody,

Illuminating protein interactions in tissue . . .

specific secondary antibodies did not label the other primary
antibody epitopes. Following tissue preparation as described,
specimens were incubated in either BAD antibody raised in
mouse at a dilution of 1:50, Bcl-xL antibody raised in rabbit
at a dilution of 1:200, or no primary antibody. The mouse

the tissue was washed three times in 1% NGS in PBS, then@nti-BAD was then incubated in a 1:200 dilution of Alexa 555
incubated in a secondary anti-rabbit IgG antibody conjugated anti-rabbit 19G, the rabbit anti-Bcl-xL was incubated in a

with Alexa 555 fluorophoréMolecular Probesfor 2 h. The

tissue was washed three times in 1% NGS in PBS, and pre-

incubated in 10% NGS for 40 min. The tissue was then incu-
bated in the second primary antibody, monoclonal anti-BAD
amino acids 1 to 168 raised in mou&se-8044, Santa Cruz
Biotechnology at a dilution of 1:50 in 1% NGS in PBS over-

1:200 dilution of Alexa 488 anti-mouse IgG, and specimens
without primary label were incubated in both secondary anti-
bodies. Slides were prepared and examined using the confocal
FRET (C-FRET) microscopy described later.

Precision FRETPFRET) analysis requires the acquisition
of images from tissue labeled with either donor fluorophore or

night at 4 °C. The tissue was again washed three times in the@cceptor fluorophore alone. Simultaneous with the double la-
1% NGS solution, and incubated in a secondary anti-mouse beling of tissue, the single labeled specimens were processed

IgG antibody conjugated with Alexa 488/olecular Probes

using identical tissue. For the secondary antibody donor la-

for 2 h. The tissue underwent a final wash in 0.1 M phosphate P€led specimens, the tissue underwent the described proce-

buffer and then was mounted using an antifade ag®iu-
lecular Probesand coverslipped. The slides were sealed with
acrylic and stored in the dark in a laboratory refrigerator.

2.4 Controls

Several dilution studies and immunohistochemical control
studies were conducted both prior to and during the experi-
mental protocol. Initially, primary antibodies were used in a
brightfield dilution study to determine antibody concentra-
tions with optimum signal intensity with minimal background
staining. Tissue was prepared using the described protocol
including microwave antigen retrieval and 1-h wash in
1% H,O,, and incubated in various dilutions of primary an-

tibody overnight. The tissue then underwent secondary label-

ing with a 1:200 dilution of species-specific biotin labeled
secondary antibodyVector, Burlingame, California reacted
with an avidin-horseradish peroxidase comp(&BC Stan-
dard Elite Kit, Vector Labs The tissue was incubated for 12
min in a solution of 0.05% diaminobenzidin@,01% HO,,

and 0.3% imidazole in 0.1 M phosphate buffer to create a

dure including incubation in BAD monoclonal antibody; how-
ever, the anti-mouse IgG antibody labeled with Alexa 488 was
eliminated and instead the tissue was incubated in 1% NGS
for 2 h. Likewise, for secondary antibody acceptor labeled
specimens, the tissue was incubated in both primary antibod-
ies, but the secondary anti-rabbit 1IgG antibody labeled with
Alexa 555 was eliminated.

2.5 C-FRET and Two-Photon FRET Microscopy
System Configuration

The system consists of a Nikon TE300 epifluorescent micro-

,scope with a 100-W Hg arc lamp. A Plan Fluor>2Gumeri-

cal apertureg(NA) 0.75 MIMM objective lens was used for
both C-FRET and two-photon FREZp-FRET) image acqui-
sition. TE300 was coupled to a Biorad Radiance 2100
confocal/multiphoton systemwww.cellscience.bio-rad.com

A 10-W Verdi pumped, tunablémodel 900 Mira, www.coher-
entinc.com modelocked ultrafagf78 MHz) pulsed(<150 fg
laser was coupled to the laser port of a Radiance 2100. This
laser is equipped with x-wave optics for easy tunable range of
the entire wavelengti{700 to 1000 nm The system was

visible reaction product. The tissue was mounted on glass equipped with a laser spectrum analyzévodel E201;
slides, coverslipped, and examined using a Nikon Eclipse 800 www.istcorp.com to monitor the excitation wavelength and a

microscope.

Fluorescent-labeled dilution studies were likewise con-
ducted to determine optimal antibody concentrations of
monoclonal BAD and polyclonal Bcl-xL. Following antigen
retrieval and a 1-h wash it% H,O,, the tissue was incu-
bated overnight in monoclonal BAD antibody or polyclonal
Bcl-xL at dilutions ranging from 1:50 to 1:2000. Tissue was

power meter to measure the laser power at the specimen plane
(Model SSIM-VIS & IR; www.coherentinc.coim The Radi-
ance system was equipped with an external detector and four
internal detectors for fluorescence imaging. The transmission
detector was used for transmission imaging and also for
second-harmonic generatiofSHG) imaging. LaserSharp
2000 software was used to acquire both C-FRET and 2p-

then washed in 1% NGS and incubated in secondary antibody,FRET images using the internal detectors.

specifically anti-rabbit IgG labeled with Alexa 555 for the
Bcl-xL and anti-mouse 1gG labeled with Alexa 488 for the

BAD. The tissue was mounted on glass slides using an anti-

fade agentMolecular Probes coverslipped, and sealed with

For C-FRET, an argon laser emitting at 488 nm was used
to excite the donor fluorophore, while a HeNe green laser
emitting at 543 nm was used to excite the acceptor fluoro-
phore. Emissions from the various fluorophores were split us-

acrylic. The tissue was then examined and images acquireding a 560-nm dichroic mirror and filtered using an HQ528/

using the laser scanning confocal microscope system de-

scribed later. The optimal dilution was determined both by
selecting for high signal to noise ratio and for approximately
equal fluorescent signal intensity at equal laser excitation
powers.

30-nm filter for the donor emission channel, and an HQ590/
70-nm filter for the acceptor chann@bww.chromatech.cojm

For 2p-FRET microscopy, following confocal laser scan-
ning image acquisition, an inline tunable Ti:sapphire laser was
used to excite the donor fluorophore at 790 nm and at 730 nm

Immunofluorescent control studies were also undertaken to for the acceptor fluorophore, and emissions were captured us-

ensure that cross-reactivity did not exist between the second-

ing the same filters as for confocal microscopy. A key benefit

ary antibodies and the tissue, and to ensure that the speciesef 2p-FRET microscopy is the ability to acquire images from
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Fig. 1 BAD and Bcl-xL heterodimerization. The heterodimerization of BAD
labeled with Alexa 488 and Bcl-xL labeled with Alexa 555 approximates the
fluorophores within 100 A of each other, enabling fluorescent resonance energy

transfer.
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Fig. 3 Laser scanning confocal images acquired from control (a) to (c) or in-
jured animals at 6 h postinjury (d) to (f). Following immunohistochemical pro-
cessing with mouse anti-BAD 1gG; labeled with Alexa 488 anti-mouse anti-
body (donor) and rabbit anti-Bcl-xL 1gG labeled with Alexa 555 anti-rabbit 1gG
(acceptor), images required for PFRET analysis were acquired. In sham injured
animals, axons demonstrate ubiquitous labeling for BAD (a), low uncorrected
acceptor emission (b), and low efficiency of transfer following PFRET image
correction (c). In axons from animals 6 h postinjury, BAD likewise demonstrates
ubiquitous labeling of axons (d), however, significant acceptor emission occurs
with donor excitation (e), and PFRET image correction demonstrates significant
energy transfer (f) with an efficiency of 23.1£2.1 and estimated distance of
82.5+2.6 A. Bar=10 um.

numba of pixels

4 b
. Gray Level Intensity
I {arbitrary units) ]

Fig. 2 Seven images required for PFRET analysis. Six-hour-postinjury tissue was prepared with mouse anti-BAD 1gG; labeled with Alexa 488 anti-mouse antibody
(donor) and/or rabbit anti-Bcl-xL 1gG labeled with Alexa 555 anti-rabbit IgG (acceptor): (a) donor labeled, donor excitation, donor channel; (b) donor labeled, donor
excitation, acceptor channel; (c) acceptor labeled, donor excitation, acceptor channel; (d) acceptor labeled, acceptor excitation, acceptor channel; (e) double labeled,
donor excitation, donor channel; (f) double labeled, donor excitation, acceptor channel; (g) double labeled, acceptor excitation, acceptor channel; and (h) PFRET image
following processing as described. Calculated mean energy transfer efficiency was 22.4+2.2 and estimated distance was 83.0+1.7 A. Histograms represent pixel
intensity for identical ROI for uncorrected FRET (i) and PFRET (j) images. Bar=10 um.

Color Plate 1
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Fig. 4 Multiphoton images acquired from animals subjected to a sham injury (a) to (c) or 6 h postinjury (d) to (f). Following immunohistochemical
processing with mouse anti-BAD 1gG; labeled with Alexa 488 anti-mouse antibody (donor) and rabbit anti-Bcl-xL 1gG labeled with Alexa 555
anti-rabbit 1gG (acceptor), images required for PFRET analysis were acquired. In sham injured animals, axons demonstrated ubiquitous labeling for
BAD with excitation with a multiphoton laser tuned to 790 nm (a), low uncorrected acceptor emission with 790-nm multiphoton excitation (b), and
low efficiency of transfer following PFRET image correction (c). In axons from animals 6 h postinjury, BAD likewise demonstrates ubiquitous
labeling of axons (d), however, significant acceptor emission occurs with donor excitation (e), and PFRET image correction demonstrates energy
transfer from donor to acceptor with calculated efficiency of 32.4+6.5 and estimated distance of 76.5+3.8 A. Bar=10 um.
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Fig. 5 Multiphoton images from 6-h-postinjury tissue in 60- (a) to (c), 80- (d) to (f), or 100- (g) to (i) um-thick tissue. Following immunohistochemi-
cal processing with mouse anti-BAD IgG; labeled with Alexa 488 anti-mouse antibody (donor) and/or rabbit anti-Bcl-xL IgG labeled with Alexa 555
anti-rabbit IgG (acceptor), images required for PFRET analysis were acquired. In 6-h-postinjury animals, axons demonstrated ubiquitous labeling for
BAD with excitation with a multiphoton in all tissue thicknesses (a) 60, (d) 80, and (g) 100 um, significant acceptor emission is detected with donor
excitation in all thicknesses (b), (e) and (h), and PFRET image correction demonstrates energy transfer from donor to acceptor (c), (f), and (i) with
mean efficiency and estimated distance in angstroms. Bar=10 um.

Color Plate 2
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tissue specimens greater than 4@ thick, the normal limits dilution and control experiments to determine the appropriate
of C-FRET microscopy. Immunohistochemical labeling meth- working antibody concentrations and to verify the absence of
ods, however, have a disadvantage in labeling thick tissue, asnonspecific or cross-reactive interactions that would confound
adequate diffusion of antibodies is generally limited to the our data analysis. Brightfield dilution studies with BAD and
outer 10um of tissue. Therefore, to determine if images ac- Bcl-xL antibodies revealed ubiquitous labeling, a 1:200 dilu-
quired using 2p-FRET microscopy in thicker tissue specimens tion of BAD intensely labeled soma, and moderately labeled
were appropriate for FRET image analysis, we utilized the axons, while a 1:500 dilution of Bcl-xL intensely labeled both
zplane focus motor of the microscope to focus on the distal axons and soma. Fluorescent dilution studies revealed similar
surface of the specimen. results, a 1:50 dilution of BAD antibody labeled with a 1:200
dilution of anti-mouse Alexa 488 IgG revealed moderate la-
. beling of axons and soma, a 1:200 dilution of Bcl-xL antibody
2.6 FRET Data Analysis labeled with a 1:200 dilution of anti-rabbit Alexa 555 IgG
One of the important conditions for FRET to occur is the intensely labeled both axons and soffg. 1).

overlap of the emission spectrum of the donor with the ab-  control fluorescent immunohistochemical studies were
sorption spectrum of the acceptfrAs a result of spectral  performed to ensure that cross-reactivity did not exist between
overlap, the FRET signal is always contaminated by donor the secondary antibodies and the tissue, and to ensure that the
emission into the acceptor channel and by the excitation of gpecies-specific secondary antibodies did not label the other
acceptor molecules by the donor excitation wavelength. Both primary antibody epitopes. Tissue incubated in the secondary
of these signals are termed spectral bleedthrdSgH) signal anti-rabbit and anti-mouse antibodies at 1:200 dilutions re-
into the acceptor channel. In principle, the SBT signal is same \eajed no labeling of axons or soma. Likewise, tissue incu-
for C-FRET and 2p-FRET microscopy. In addition t0 SBT, pateq in either mouse-BAD or rabbit-Bel-xL, and then labeled

the FRET signals in the acceptor channel also require correc-y i the opposite species secondary antibody revealed no la-
tion for spectral sensitivity variations in donor and acceptor beling of axons or soma

channels, autofluorescence, and detector and optical noise,
which contaminate the FRET signal.

Seven images were acquired using the appropriate filters a;
described for PFRET analysi$The data analysis algorithm
works under the assumption that the double-labeled cells and
single-labeled donor and acceptor cells, imaged under the

same conditions, provide the same SBT dynamics. The algo-of retraction bulbs, morphological characteristics of axonal

rithm ri in the literature follows fluor nce levels .. . . .
described e feraiure ToTows TUoTescence 1evers injury. Using the laser scanning confocal microscAp8CM)

ixel by pixel to establish the level of SBT in the single- " o . . .
Eﬂbeledycrells and then applies these values as a corrgectionw'th the excitation lasers and emission filters as described

factor to the appropriate matching pixels of the double-labeled above, the seven imagéBig. 2) (see Color Plate)lof these

Following determination of the optimal dilutions, we pre-
ared specimens for PFRET analysis. Using serial sections of

%ssue, we simultaneously labeled injured tissue with donor

only (BAD/Alexa 488, acceptor only(Bcl-xL/Alexa 555,

and with both donor and acceptor. The specimens were then

examined for axons demonstrating vacuolization or formation

116 Precision FRET then i axons required for PFRET analysis were collected as shown
ce recision then'is in Fig. 2. The uncorrected FRET image€ig. 2(f)] underwent
PFRET= UFRET-—DSBT— ASBT (1) image correction for DSBT and ASBT, resulting in the

PFRET imagdFig. 2(h)]. Multiple regions of interestROls)
where uncorrected FREJUFRET/f), ASBT is the acceptor  \ere then drawn within the imaged axon, the efficiency of
SBT signal, and DSBT is the donor SBT signal, established in energy transfer, and the estimated distance between fluoro-
the corresponding single-labeled cells. phores was calculated for each ROl with PFRET software,

The acquired seven images in C-FRET and 2p-FRET mi- ang the mean and standard deviation of these values were
croscopy systems were processed using the PFRET 1.0 softzgjculated.

ware (www.circusoft.com developed based on the algorithm Based on previous experiments, we hypothesized that fol-
already described and in the Ilterat&?eThls. software also  |oying traumatic axonal injury, increased levels of intracellu-
enables estimating the energy transfer efficiefiey) and the |5 c2+ should result in the activation of calcineurin, subse-
distance(r,) between donor and acceptor molecules using quent dephosphorylation of BAD, and translocation of BAD
these equation. to the mitochondria, followed by the proapoptotic binding of
BAD to Bcl-xL. According to this hypothesis, prior to injury,

En=1—(lpa/lpa+PFRET), 2 BAD and Bcl-xL should remain separate, the distance be-
_ 16 tween them should be greater than 100 A, and no FRET signal
Fn=Ro[(1/E,) — 1] 3) should be detected. Conversely, following injury, if het-

erodimerization exists between BAD and Bcl-xL, the distance
3 Results between them should be less than 100 A, resulting in FRET
The development of a tissue FRET methodology required re- signal detection.
finement of three processes, including immunofluorescent la-  In tissue processed from animals receiving a sham injury,
beling of tissue with antibodies directed toward donor and we observed axons with normal morphologies and ubiquitous
acceptor molecules, acquisition of images using C-FRET and labeling with both BAD and Bcl-xL. Images for PFRET
2p-FRET microscopy, and software-aided pixel-by-pixel analysis(Fig. 3) (see Color Plate )lwere acquired using the
analysis of the resulting images. As already described in Sec.LSCM system already described above, including images
2, we performed a series of preliminary immunohistochemical from both the donofFig. 3(a)] and acceptofFig. 3(b)] chan-
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nel in the double-labeled tissue excited at 488 nm. The images
were then processed using the image analysis software to pro-
duce a PFRET imagg-ig. 3(c)], ROIs were drawn, and the
mean energy transfer efficiency was 7.24%9, and an esti-
mated distance greater than 100(Hig. 6).

In contrast to our findings in noninjured animals, tissue
processed from animals allowed to survive oh after injury
demonstrated ubiquitously labeled axons with vacuolization
and formation of retraction bulbs. Images of these axons were
acquired, including the donor chanrjélig. 3(d)] and uncor-
rected FRET[Fig. 3(e)] images, and a PFRET imade€ig.

3(f)] was produced. ROIs were drawn, and the mean energy
transfer was 29.03%6.63, significantly greater than the non-
injured animalgp<<0.01), with an estimated distance of ap-
proximately 78.74.2 A (Fig. 6).

Two-photon microscopy has advantages over confocal mi- a
croscopy, including reduced focal volume and less light scat-
tering in specimen’*8To determine if images acquired using
2p-FRET microscopy would demonstrate FRET efficiencies 120
similar to C-FRET, we utilized the same confocal microscope
setup coupled with an inline tunable Ti:sapphire laser. With 110 T
this setup, we were able to acquire confocal images, then 100 1—
switch to 2p microscopy and acquire images of the same ax-
ons in the same focal plar€ig. 4).

In tissue from animals receiving a sham injury, we ob-
served normal axonal profiles with ubiquitous labeling of
BAD and Bcl-xL. Images of these axons were acquired, in-
cluding donor channel emission imaffeéig. 4(a)] and uncor- 60
rected FRET imagéFig. 4b)] in double-labeled tissue ex- pSham  2pSham  1p6h 2p6h
cited with a 790-nm lasetsee Color Plate )2 Donor and
acceptor excitation wavelength was selected according to the
methodology described in the literatdfelmages were pro-
ce'ssed using image analysis, resulting in the PFRET ImageFig. 6 Bar graphs of FRET efficiency between fluorophore labeled
[Fig. 4(c)]. ROIs were drawn, the mean_ transfer (_)f ENergy Was gap and Bcl-xL at 6 h postinjury. FRET efficiencies (a) of both confo-
calculated at 8.2%1.1 and the estimated distance was ca| and 2p microscopy were significantly (*,p<<0.01) greater at 6 h
greater than 100 A. In tissue from 6-h postinjury tissue, We postinjury compared to sham injured animals. There was no signifi-
observed vacuolated axon segments and sporadic retractiorrant difference in efficiencies between confocal or 2p methods in
bulbs. Images of these axons were acquired, including donoreither sham (p=0.34) or at 6 h postinjury (p=0.24) Estimated dis-
channel[Fig. 4d)] and uncorrected FRE[Fig. 4(€)]. and the tance (b) between BAD and Bcl-xL was significantly (*,p<Q.0.1? de-
PFRET imagdFig. 4f)] was produced. These axons demon- creased at 6 h, as compared to sham |njured.AThe_re was no .5|gn|.f|cant

. . . L difference between confocal or 2p methods in distance estimations.
strating morphological characteristics of injury had mean en-
ergy transfers greater than 32.4%.5, and estimated distance

of 76.5+3.8 A (Fig. 6). _ _ fore were able to visualize only the most intensely labeled
An additional advantage of 2p-FRET microscopy is the 4y0ng 1n 6-h-postinjury tissue, vacuolated axons were imaged
ability to penetrate tissue specimens, and visualize deep focal,, pEreT analysis, ROIs were drawn, mean efficiencies cal-
planes. To determine if we could imag(_a axons in _tissue S€C- ¢ lated, and the distances estimated. At 60, 80, andux00
tions greater than 4@m, we prepared tissue specimens 60, \ye ohtained FRET efficiencies greater than 20%, and esti-
80, and 100um thick with an adjustable vibratome. After ateq distances of approximately 80 A, consistent with both

immunohistochemical labeling of the specimens, we imaged ~_FReT and 2p-FRET data from the proximal surface of
the proximal surface of the specimens using C-FRET micros- 40-um tissue

copy. Then, using a calibratesfocus motor, we focused on
the distal surface of the specimen by changing #gane

'S
o

©
(33

©
o

N
g

20

% Efficiency

1pSham  2p Sham 1p6h 2p 6h

90 —

Angstroms

focus 60, 80, or 10Qwm, respectively. 4 Discussion
Using the tunable Ti:sapphire laser, the images required for FRET microscopy is a powerful tool for visualizing protein-
FRET analysis were acquiredrig. 5 (see Color Plate )2 protein interactions under physiological conditions. In this pa-

Axons ubiquitously labeled for both BAD and Bcl-xL were per, we report a reliable and repeatable methodology for
visualized in all tissue specimens. However, the relative num- FRET microscopy employing conventional immunohis-
ber of axons seen decreased as the thickness increased. Likegochemical approaches in fixed tissue. The development of a
wise, the amount of background fluorescence decreased as théasible method for employing FRET microscopy in fixed tis-
thickness increased. This suggests that as the thickness of theue with conventional immunohistochemistry constitutes a
tissue increased, the emission signal decreased, and we theresignificant advance over prior preparatory approaches.
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Specifically, to this point, FRET microscopy has primarily Further, use of primary antibodies directly conjugated to
been employed to explore protein interactiomwitro. In this fluorophores is a more wasteful and time-consuming process
setting, expression vectors are constructed containing proteinghan using conventional immunohistochemical approaches
of interest adjacent to sequences encoding donor and acceptowith primary and secondary antibodies. Specifically, as pri-
fluorophores such as green fluorescent prot€iRP and yel- mary antibodies are only rarely available directly conjugated
low fluorescent proteilYFP). The two vectors are introduced to a fluorophore, a preliminary procedure must be carried out
in vitro and expressed. As the proteins of interest interact, to conjugate a fluorophore to the primary antibody of interest.
they reside within 10 to 100 A of each other and radiationless This procedure is not only time consuming, but also results in
interactions occur between donor and acceptor fluorophoresthe wasting of a proportion of the primary antibody that is not
that can be detected by FRET microscopy. This technique wasconjugated to fluorophore as a function of the process. Fur-
employed to examine receptor-ligand interactions, including ther, using primary antibodies directly conjugated to fluoro-
binding between the estrogen recepterand B-subunit and phores does not allow for the amplification of signal that is
steroid receptor coactivators in the presence of estratliol. typically afforded by using primary and secondary antibodies,
Similarly, ligand-independent ErbB1 receptor activation fol- resulting in the necessity for higher initial concentrations of
lowing focal application of EGF has also been assessedthe primary antibody. Both the incomplete conjugation of pri-
through this approact. mary antibody and the requisite for higher primary antibody

In addition to ligand-dependent and -independent interac- concentrations are significant considerations in experiments
tions, the creation of genetic constructs with adjacent fluoro- Where the primary antibodies may be rare and/or costly.
phores designed for FRET microscopy has been used to assess AN important element of the current approach is the use of
transient protein assemblies. An example includes receptor-Pixel-by-pixel analysis of FRET images acquired by either
mediated formation of the G protein heterotrimer through la- C-FRET or 2p-FRET microscopy. The use of PFRET software

beling of thea-subunit and thed-subunit?* Further, Everett to perform pixel-by-pixel analysis enables the quantitative de-
et al?2 used this approach to demonstrate that the myxomateCtion and subtraction of DSBT and ASBT from FRET im-

poxvirus protein M11L prevents apoptosis by interacting with 29€s while assessing the degree of FRET interaction. While

the mitochondrial transition pore. FRET pair constructs have _FRET ﬁ“?"ys's cag be condl;ctel,-d ml t|?sue usmgdphotobleach-

also been used to produce an assay to detect caspas g techniques to decrease the level o DSBT and AGRAT.

activation?® 9), pixel-by-pixel analysis has distinct advantages over pho-
y tobleaching. Specifically, with pixel-by-pixel analysis the tis-

In addition to the design of expression vector constructs imen receiy low ener « re during two brief
with respective donor and acceptor molecules adjacent to pro-Sue Specimen receives a low energy exposure during two brie
sequential image acquisitions. Photobleaching instead re-

teins of interest, immunocytochemical approaches have been

. . quires an extended exposure to in the acceptor excitation
employed using donor and acceptor fluorophores conjugated -
. . - : spectral range to quench the acceptor molecule. In addition to
directly to primary antibodie&' An example of how this ap-

. . - the decreased ability to assess and subtract DSBT and ASBT
proach has been utilized includes the characterization of . N - .

X o . . p in a quantitative and controlled fashion, we observed tissue
epitope-specific anti-platelet antibodf@s. Further, Kam

ot 2128 utilized this direct immunocvtochemical methodolo alteration and destruction following exposure to extended and
- utlliz Is dl immunocy ' - lology high excitation energy levels such as those associated with
to map cytoskeletal components of adherens junctions by

d trating int i bet incull d talin. K photobleaching.
emonstra '279 interactions between vinculin and talin. Ken- = an aqditional element of the current communication is the
worthy et al<’ used antibodies linked to GPIl-anchored pro-

X . s . use of 2p-FRET microscopy to localize the protein-protein
teins to characterize plasma membrane microdomains. BrunOjneractions in tissue. While confocal microscopy provides a
et al™ developed a highly sensitive assay Bacillusspores . verfyl tool for obtaining the images required for tissue
andE. coli O157:H7 by measuring decreases in FRET activ- preT 2p microscopy has several advantages. First among
ity. Additionally, Sharma et al? used antibodies against  thege is the reduced focal volume imaged in 2p microscopy.
Torsin A anda-Synuclein to demonstrate the association be- confocal microscopy uses a pinhole to reduce the focal plane
tween these proteins in a form of inherited Parkinson’s dis- by blocking out of focus emissions; 2p microscopy instead
ease. accomplishes a decreased focal volume by directly reducing

Both the design of constructs with fluorophores incorpo- the excitation focal plane depth. A second advantage of 2p
rated into fusion proteins and direct immunohistochemical ap- microscopy is that the use of lower frequency wavelengths to
proaches have yielded significant insights into a wide variety excite the fluorophores results in a lower energy load to the
of protein interaction in relation to intact cells. However, the specimen. While this may not be of major importance in the
currently discussed technique for employing conventional im- fixed specimens used in this study, it may be a critical factor
munocytochemical approaches in fixed tissue for FRET mi- in studies involving living tissue. A third advantage of 2p
croscopy overcomes a number of limitations presented the microscopy is the increased ability to penetrate and visualize
previous approaches. Specifically, the construction and intro- deeper tissue. In this experiment, we analyzed tissue up to 100
duction of fusion proteins with incorporated fluorophores re- um thick, obtaining good-quality images of individual axons,
quires the adequate delivery, incorporation, and expression ofand were able to determine FRET efficiencies consistent with
donor and acceptor molecules in living systems prior to their thinner tissue and with confocal data.
characterization under FRET microscopy. In contrast, the cur-  In this paper, we report on the use of tissue FRET micros-
rently described method of tissue FRET microscopy does not copy to evaluate the interactions between BAD and Bcl-xL in
require the introduction or incorporation of any exogenous TAI following TBI. TAl is one of the most devastating com-
materials to cells or tissue while in the living state. ponents of TBI involving the widespread but diffuse discon-
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nection of axons in the hours to days following a traumatic 6. H. G. Wang, N. Pathan, I. M. Ethell, S. Krajewski, Y. Yamaguchi, F.

insult. One of the primary challenges to the exploration of
TAl is the diffuse nature of the event. While the damage oc-
curs at a broad enough scale to severely disrupt neurophysi- ;.
ological processes, the diffuse nature of the event, occurring
directly adjacent to normal tissue, has primarily confined in-

vestigations on the pathogenesis of TAl to immunocytochemi-
cal approaches. A further limitation to the study of TAl is that

investigations are optimally carried ourt vivo. While there

do existin vitro models aimed at describing how stress and 9.
strain may affect individual axons and neuronal cell bodies

following TBI, injury resulting from the complex biomechani-

cal interactions between glia, neurons, axons, and the extra-

cellular milleu cannot be adequately assesgsedtro.

Our current hypothesis on the pathogenesis of TAI based
on previous immunocytochemical and histochemical studies
involves an initial loss of ionic homeostasis secondary to trau- 12-
matically induced axolemmal perturbation. This loss of ionic

homeostasis leads to activation €f"-mediated second
messenger processegotentially including those mediated by

Calmodulin. Calmodulin activates a number of targets includ- 14.

Shibasaki, F. McKeon, T. Bobo, T. F. Franke, and J. C. Reed,
“Ca?*-induced apoptosis through calcineurin dephosphorylation of
BAD,” Science284(5412, 339-343(1999.

J. E. Springer, R. D. Azbill, S. A. Nottingham, and S. E. Kennedy,
“Calcineurin-mediated BAD dephosphorylation activates the
caspase-3 apoptotic cascade in traumatic spinal cord injdrj\eu-
rosci. 20(19), 7246—-7251(2000.

8. A. Buki, D. O. Okonkwo, K. K. Wang, and J. T. Povlishock, “Cyto-

10.

11.

chrome c release and caspase activation in traumatic axonal injury,”
J. Neurosci20(8), 2825-28342000.

B. A. Eldadah and A. |. Faden, “Caspase pathways, neuronal apop-
tosis, and CNS injury,’J. Neurotraum17(10), 811-829(2000.

T. Forster, “Delocalized excitation and excitation transfédddern
Quantum Chemistryol. 3, O. Sinanoglu, Ed., Academic, New York,
pp. 93—-137(1965.

R. N. Day, “Visualization of Pit-1 transcription factor interactions in
the living cell nucleus by fluorescence resonance energy transfer mi-
croscopy,”Mol. Endocrinol.12(9), 1410-14191998.

A. Periasamy, “Fluorescence resonance energy transfer microscopy:
a mini review,” J. Biomed. Opt6(3), 287—291(2002).

13. R. B. Sekar and A. Periasamy, “Fluorescence resonance energy trans-

ing the phosphatase calcineurin, which can dephosphorylate

and activate BAD, a proapoptotic protein. Dephosphorylated
BAD travels to the mitochondria and binds to a prosurvival 15

protein, Bcl-xL, leading to the breakdown of mitochondfia.
Mitochondrial breakdown and release of cytochrarmesults

in the activation of the caspase cascade of proteolytic en-

zymes, culminating in local axonal breakdofvh.

Neither conventional immunocytochemical/histochemical
nor ultrastructural approaches have the capacity to shed in-

sight on whether BAD and Bcl-xL interact in TAh vivo. The

development of a tissue FRET technique enabled us to dem-
onstrate BAD and Bcl-xL interaction while preserving the
complex biomechanical interactions and tissue architecture
between glia, neurons, axons, and the extracellular milleu. In
this paper, we have demonstrated that following TAI, BAD
and Bcl-xL interact in axons displaying the morphological
characteristics of injury, thus suggesting the interaction be-
tween these two molecules may play an important role in TAI 20.

pathogenesis.
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