virally and chemically transformed HOS
cells. Fluorescein-conjugated rabbit anti-
serum to rat immunoglobulin G (Micro-
biological Associates) was used at a dilu-
tion of 1:15. Indirect immunofluores-
cence in cultures of both types of trans-
formed cells, treated with cycloheximide
or not, was scarcely visible with their
antiserums. Immunofluorescent staining
of proteins on the surfaces of both types
of transformed cells could be observed.
However, the cell surface antigens could
not be detected in virally or chemically
transformed HOS cells treated with cy-
cloheximide. The immunofluorescence
index (/5) was less than 30 percent (con-
sidered negative) in both types of treated
cells.

Our results demonstrate that the addi-
tion of cycloheximide (0.08 wg/ml) in cul-
ture medium caused both virally and
chemically transformed human osteo-
sarcoma cells (TE-85, clone F-5) to re-
vert temporarily to normal phenotype,
but the same amount of cycloheximide
did not affect the rate of growth of un-
transformed cells. Increasing the amount
of inhibitor from 0.08 to 1 ug/ml strongly
inhibited normal cell growth, suggesting
that the primary effect of this protein in-
hibitor on both types of transformed
cells may be one of nonspecific toxicity.
The mechanism by which cycloheximide
maintains the flat morphology in the
transformed cells is not understood.
Regulation of the expression of either
oncogenic RNA virus. or chemical car-
cinogen transforming gene sequences
might be under the influence of a trans-
lational control mechanism because of a
translational inhibitor-dependent rever-
sion in both types of transformed cells.
Demonstration of surface antigens,
cross-reacted with antiserums induced
by extracts of both types of transformed
cells, also depended on the presence or
absence of cycloheximide in the culture
medium. These cell surface antigens (/6,
17) are clearly associated with the pro-
cess of transformation, and whatever
mechanism was involved in the transfor-
mation, the malignant state could be re-
versed by an inhibitor of protein syn-
thesis. These results show that protein
synthesis is required to maintain the
transformed state in chemically and vi-
rally transformed human cells. Synthetic
inhibitors of proteases have been used
successfully to suppress 7,12-dimethyl-
benz[a]anthracene-induced and phorbol
ester-promoted tumorigenesis in mouse
skin (/8). The possibility of accomplish-
ing the same thing in vivo would have ex-
citing implications for the management
of human cancers.
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Cycloheximide has also been shown to
induce type C virus at high frequency
from virus-negative mouse cells by an in-
crease in the cellular concentration of
type C viral RNA in cycloheximide-
treated cells (/9). However, no type C
virus induction was observed in the cy-
cloheximide-treated chemically altered
human cells.

HAN YoNG CHO

Department of Experimental Pathology,
Walter Reed Army Institute of Research,
Washington, D.C. 20012

JOHNG Sik RHIM*
Laboratory of Cellular and Molecular
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Cerebral Cortical Microfluorometry at Isosbestic Wavelengths

for Correction of Vascular Artifact

Abstract. Microfluorometric measurements of cerebral cortical mitochondrial res-
piration in vivo are obscured by hemodynamic and oximetric artifacts. Isosbestic
Sfluorometry provides appropriate correction for these vascular phenomena and per-
mits simultaneous evaluation of mitochondrial nicotinamide adenine dinucleotide
redox state, microcirculatory volume, and hemoglobin oxygenation.

Tissue microfluorometry was original-
ly introduced as an optical method
whereby mitochondrial respiration could
be examined continuously and nonde-
structively in vivo (/). The transducible
property underlying the technique is the
intense blue fluorescence (440 to 470
nm) produced when reduced mitochon-
drial nicotinamide adenine dinucleotide
(NADH) is excited by light in the near-
ultraviolet portion of the spectrum (340
to 370 nm); the oxidized cofactor (NAD),
as well as unbound or cytoplasmic
NADH, exhibits negligible fluorescence
(I, 2). This property was initially ex-
ploited in studies of the NADH : NAD
redox state in isolated mitochondria by
Chance et al. in the early 1950’s, and
soon thereafter microfluorometry was
applied to metabolic studies of intact tis-
sue in situ (/). Subsequently, numerous
investigators have variously modified the
method to examine mitochondrial behav-
ior in heart, liver, kidney, thyroid, and
brain (3).

Cerebral microfluorometry, developed
most fully by Jobsis and co-workers (4),

has been used to provide a qualitative in-
dication of the kinetics and efficiency of
cortical mitochondrial respiration during
a variety of experimental interventions
in both laboratory animals and in hu-
mans (5). On review, it is apparent that
tissue microfluorometry is no longer a
single instrumentation system as initially
described by Chance et al. but a family
of distinct systems, each based on the
same transducible property (NADH flu-
orescence), yet each reflecting a distinct
opinion concerning significant technical
problems that compromise fluorometric
analysis in situ. These problems appear
to be inherent in tissue microfluorom-
etry and have produced increasing un-
certainty over both the proper appli-
cation of the method and its utility in
general (6).

Persuaded that the potential of the
fluorometric method is not yet fully real-
ized, we have studied in considerable de-
tail the optical properties of cerebral cor-
tical tissue in order to identify and elimi-
nate the artifacts that most seriously
compromise the use of fluorometry in
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Fig. 1. Absorption
spectra of oxygenated
(HbO) and deoxyge-
nated (Hb) hemoglo-
bin. Wavelengths (\)
referenced in the text
are specifically in-
dicated; asterisk de-
notes relevant isos-
bestic wavelengths—
that is, those at which
the extinction coeffi-
cients (¢) of the two
species are equal.

such studies. In the course of these in-
vestigations, we have evolved an instru-
mentation system, which we refer to as
isosbestic fluorometry. This technique
appears to possess distinct advantages
over other systems suggested to date.
First, it provides an accurate (and, we
believe, quantitative) measure of NADH
fluorescence in the cerebral cortex both
at rest and during metabolic perturba-
tions. Second, the method simultaneous-
ly indicates hemoglobin oxygenation
state in the monitored field. Finally, the
system is calibrated with tissue fluores-
cence parameters; external references
are not necessary for operation.

Three interdependent physiological
phenomena obscure the measurement of
a fourth, NADH fluorescence, during
studies of anoxia or other metabolic in-
terventions in situ. These may be de-
noted the movement artifact, the hemo-
dynamic (blood volume) artifact, and the
oximetric artifact.

Movement artifact is observed most
prominently in large animals as a con-
sequence of the increased volume and

compliance of the subarachnoid space,
which substantially enhance respiratory
and arterial pulsatile movements ob-
served in the exposed, healthy brain and
produce significant changes in the geo-
metric relationship between the cortex
and the optical system.

Hemodynamic artifact occasioned by
autoregulation is more difficult to control
than movement. Because blood strongly
absorbs both the excitation wavelength
(366 nm) and the fluorescence signal of in-
terest (~ 460 nm), changes in cerebral
blood volume of the sort that invariably
accompany any metabolic intervention
profoundly affect tissue fluorescence
measurements.

Finally, one must contend with the ar-
tifact created by the oximetric effect of
hemoglobin, resulting from its changing
absorption spectrum at various oxygen-
ation levels during an evolving anoxic in-
sult or other metabolic stress; we now
recognize the oximetric transition as a
major determinant of signal intensity at
nearly all wavelengths.

Most investigators have attempted to

resolve these problems by simultaneous-
ly monitoring an indifferent wavelength
remote from the emission spectrum of
NADH. In nearly all cases they have
elected to measure the intensity of the
366-nm excitation light reflected from the
cortical surface, then (after electronical-
ly setting the two output signals to unity
in the baseline or normoxic state) to al-
gebraically subtract reflectance from the
NADH fluorescence signal (3-5). In our
experience the reflected 366-nm signal
provides inadequate compensation for
movement and hemodynamic artifact
and little or no correction of oximetric
artifact. We have observed that a sub-
stantial component of the 366-nm signal
is provided by specular (and to a lesser
extent diffuse) reflectance from the mem-
branous arachnoid, the single biological
element in the system most susceptible
to movement secondary to the ebb and
flow of spinal fluid, and anatomically in-
terposed between the optics and the vas-
cular channels for which one is attempt-
ing to provide correction. If meticulous
attention is paid to positioning of the op-
tics, movement artifact may be mini-
mized but hemodynamic and oximetric
artifacts persist. Kovach and co-workers
(6) recently described in detail the diffi-
culties attendant on use of the 366-nm re-
flectance as a reference signal.
Furthermore, it appears to us that sub-
traction of the reference signal from the
signal of interest is inappropriate; the
relationship between the two normalized
signals is properly a ratio. This is best il-
lustrated by hypothesizing an extreme
case in which NADH reduction and
autoregulatory vasodilatation could be
made to occur independently; if a mas-
sive increase in blood volume were suf-
ficient to obscure both signals 90 percent
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Fig. 2. (A) Isosbestic fluorometry applied to the measurement of mitochondrial NADH fluorescence (448/549 nm, solid line) in canine cerebral
cortex during experimental anoxia. The HbO — Hb oximetric transition (560/549 nm, dashed line) within the microvasculature is recorded
simultaneously. Solid arrow indicates the onset of cortical isoelectricity (animal anesthetized with pentobarbital). Oximetric insensitivity of the
448/549-nm signal ratio is reflected in the independent kinetics of the two phenomena, with substantial NAD reduction appearing 30 seconds after
hemoglobin desaturation is complete. Abbreviation: EEG, electroencephalogram. (B) Comparison of traces obtained simultaneously during
canine cerebral hypoxia, using isosbestic (448/549 nm, solid line), traditional (448 minus 366 nm, dashed line), and modified traditional (448/366,
dotted line) fluorometry. The initial oxidation of NADH detected at 448/549 nm is not observed when 366-nm reflectance is employed as the
reference wavelength. Possible oximetric distortion of the 366-nm signal is suggested by similarities between the 448/366-nm Kinetics in this
illustration and the reciprocal of the 560/549-nm (deliberately oximetric) trace in (A). .
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followed by doubling of the NADH fluo-
rescence, algebraic subtraction would
mistakenly interpret the difference be-
tween the reference and fluorescence
signals (10 and 20 units, respectively) as
10 units or 10 percent of initial NADH
reduction. Application of the ratio tech-
nique would give the correct inter-
pretation.

Several investigators have recognized
the oximetric transition of hemoglobin as
a potential problem in fluorometry, albeit
without attempting to quantitate the ef-
fect. It should be recalled that the ab-
sorption spectra of oxy- and deoxyhe-
moglobin are quite distinct, although if
one is superimposed on the other, wave-
lengths are found at which the extinction
coefficient is identical for the two mole-
cules. These are referred to as isosbestic
wavelengths; all other wavelengths are
therefore more or less anisosbestic (Fig.
1).

Chance et al. (7) observed that the
366-nm reflectance signal was signifi-
cantly anisosbestic, but felt that the de-
viation from isosbesticity was propor-
tional to that of the signal of interest;
thus the two signals could be considered
isotransitional. However, this rational-
ization is at least theoretically inade-
quate, largely as a consequence of the
nonlinear spectral absorption character-
istics of suspended particulate absorbers
such as red cells (8). Harbig et al. (9) re-
corded the signal of interest (NADH) at
an isosbestic wavelength, but by retain-
ing the anisosbestic 366-nm reflectance
as reference the artifact was only slightly
diminished. They also introduced an
imaginative approach to blood volume
correction by bolus perfusion (hemo-
dilution) of the optical field with cali-
bration of the two signals to unity at
the peak of signal enhancement; how-
ever, it can be shown that the 1:1 ratio so
imposed on the respective signals no
longer prevails with changes in blood
volume or deviations from the metabolic
steady state. Kobayashi et al. (10) at-
tempted to correct for both oximetric ar-
tifact and red blood cell light scatter by
applying an independently derived non-
linear correction to the signal of inter-
est, a solution compromised by the use
of reflectance and by the nonquantita-
tive nature of the fluorometric record
itself.

Early studies in our laboratory in
which the 366-nm reflectance signal was
employed as a reference yielded unac-
ceptably inconsistent results. On the oth-
er hand, differential excitation spectra of
the cortex led us to conclude that the
cortical fluorochrome population was in-
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deed heterogeneous and that one or
more fluorescent species might be meta-
bolically inert. We therefore reasoned
that the optimal reference wavelength
for correction of hemodynamic and
movement artifacts (as well as variable
tissue absorption and light scatter) might
be found within the fluorescence spec-
trum of brain itself, if indeed any portion
of that spectrum could be identified
which was minimally contaminated by
NADH fluorescence and was otherwise
unresponsive to metabolic influences.
Detection of an appropriate wavelength
was, of course, complicated by the fact
that movement, blood volume, hemoglo-
bin oximetry, and NADH:NAD redox
state are more or less mutually depen-
dent.

For this reason we began by creating
metabolically inert fluorescence signals
in brain tissue through the introduction
of artificial fluorochromes; ultimately,
rhodamine B was found to possess the
properties of an ideal reference fluoro-
chrome. Administered systemically,
rhodamine (like NADH) is a pure tissue
marker, diffusing rapidly and homoge-
neously into brain tissue. Its presence in
large blood vessels cannot be detected
fluorometrically. Fluorescence efficien-
cy is pH-independent in the physiologi-
cal range; it is nontoxic in the doses em-
ployed and exerts no apparent metabolic
effect on the brain; and it is cleared from
tissue very slowly (approximately 1 to 2
percent per hour). Most important, its
emission spectrum, when excited by 366-
nm light, is far removed from that of
NADH; rhodamine fluorescence maxi-
mum = 589 nm. In fact, very little in-
trinsic fluorescence is detectable in brain
in this wavelength region.

We therefore assumed that changes in
rhodamine-enhanced brain fluorescence
at 589 nm would accurately reflect blood
volume changes (and movement) but
would be unresponsive to metabolic in-
fluences. By using different narrow-band
interference filters, each region of the in-
trinsic fluorescence spectrum of brain
was examined during simultaneous mea-
surement of the 589-nm (rhodamine)
peak. The normalized signals at all wave-
lengths tested remained equal during
both induced vasodilatation (5 percent
CO, in air) and vasoconstriction (drug-
induced, wusing agents without any
known effect on cerebral metabolism).

However, when wavelengths in the re-
gion 530 to 550 nm were compared with
the 589-nm rhodamine signal during an
anoxic intervention (N, breathing), sub-
stantial divergence of the normalized sig-
nals was observed; the character of the

deviations could not be correlated with
reduction of NAD, but could be related
directly to the capillary hemoglobin (Hb)
absorption spectrum in the HbO — Hb
transition; that is, an oximetric artifact.
We consequently chose to examine a
known isosbestic wavelength in the re-
gion 530 to 550 nm (specifically, 549 nm)
together with an isosbestic wavelength
(586 nm) within the rhodamine spectrum.
The filters selected were tested spectro-
photometrically with solutions of oxy-
and deoxyhemoglobin and were con-
firmed to be isosbestic. Recording at
these two wavelengths, transitions from
normoxia to total hypoxia associated
with massive vasodilatation resulted in
perfect congruence of the two normal-
ized signals; that is, the 549-nm intrinsic
fluorescence of cortex appears to be both
metabolically inert and oximetrically in-
sensitive, a pure blood volume and
movement indicator. The congruence of
the observed signals under these circum-
stances also indicates that changes in
light scattering or in the absorption prop-
erties of the various cytochromes during
the anoxic transition are not fluorometri-
cally detectable.

Finally, an isosbestic wavelength was
selected within the known NADH spec-
trum (448 nm) and the signal referenced
by ratio to the 549-nm signal, with the re-
sult that neither the NADH nor the refer-
ence signal is contaminated by oximetric
influences. Furthermore, when we si-
multaneously measured a deliberately
anisosbestic wavelength within the non-
NADH fluorescence spectrum of the tis-
sue (560 nm) and referenced the output
to the 549-nm signal, we were able to
qualitatively record subtle oximetric
transitions in the capillary blood.

The instrumentation used is a modifi-
cation of the time-sharing fluorometer
described by Chance et al. (7) except
that the 366 (£ 5) nm excitation wave-
band from a 100-W regulated mercury
arc lamp is separately directed on a small
(< 5-mm diameter), relatively avascular
area of the cortical surface. The cortical
fluorescence spectrum is conducted
through a nonfluorescent quartz fiber-op-
tic cable to a time-sharing fluorometer,
which Qermits simultaneous monitoring
of up to four different wavelengths by a
single high-sensitivity photomultiplier
tube. The output of the photomultiplier
is gated, discriminated, and electronical-
ly processed both to magnetic tape and
to a multichannel polygraph recorder.
The calibrated taped analog signals are
later subjected to analog-to-digital con-
version and the output ratios 448/549 nm
and 560/549 nm are derived point-for-
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point by laboratory computer and plot-
ted.

A typical result obtained when isos-
bestic fluorometry is employed in the
study of cerebral cortical anoxia in dogs
is shown in Fig. 2A, which simultaneous-
ly depicts the NADH redox state and
capillary hemoglobin oxygenation state
(the blood volume trace is omitted for
clarity). The behavior of NADH during
the anoxic transition is multiphasic and
includes an unexpected initial early oxi-
dation. The details of the experimental
model and our interpretation of the be-
havior of the mitochondrial respiratory
chain during anoxia will be described
elsewhere (/7).

For comparison, Fig. 2B illustrates the
simultaneous measurement of 448 minus
366 nm (traditional method), 448/366 nm
(traditional method, but imposing ratio
analysis), and 448/549 nm (isosbestic
fluorometry). During the early stages of
the hypoxic response, the 448/366-nm
trace resembles a reciprocal of the 560/
549-nm (HbO — Hb) transition depicted
in Fig. 2A; it may be inferred that the tra-
ditional method is compromised both by
inadequate blood volume compensation
and by high sensitivity to oximetric arti-
fact, resulting in an apparent monotonic
reduction of NAD far in excess of that
observed by isosbestic fluorometry.

We also observed maximal oxidation
of mitochondrial NADH in canine cortex
during insulin-induced profound hypo-
glycemia (plasma glucose < 20 mg per
100 ml; cerebrospinal fluid glucose < 10
mg per 100 ml). These experiments simu-
late Chance and Williams’s (/2) mito-
chondrial state 2—that is, substrate de-
pletion in vivo—and together with stud-
ies using uncouplers and selected res-
piratory inhibitors, indicate that in the
basal state (before anoxia) mitochondrial
NADH is ~ 66 percent reduced and that
~ 77 percent of the basal fluorescence
signal at 448 nm is metabolically inert
(non-NADH) contaminant fluorescence
(1).

Our experience suggests that tissue
fluorometry provides unique information
for the study of mitochondrial behavior
in situ and, when employed in the techni-
cal configuration that we have, called
isosbestic fluorometry, may ultimately
permit quantitative interpretation of the
fluorescence signal.

RicHARD S. KRAMER
ROBERT D. PEARLSTEIN
Spetnagel Laboratory for Cerebral
Research, Division of Neurosurgery,
Department of Surgery,
Duke University Medical Center,
Durham, North Carolina 27710
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4-Aminobutyrate:2-Oxoglutarate Aminotransferase in

Blood Platelets

Abstract. Platelet lysates obtained from blood of humans, dogs, and rats cata-
lyzed the transamination of 4-aminobutyrate with 2-oxoglutarate as cosubstrate. Hu-
man platelet 4-aminobutyrate:2-oxoglutarate aminotransferase (36.5 = 3.2 pico-
moles per minute per milligram of platelet protein) resembled the brain enzyme in

kinetic properties and in response to cofactors and inhibitors.

The enzyme 4-aminobutyrate:2-oxoglu-
tarate aminotransferase (E.C. 2.6.1.19)
is principally responsible for catabo-
lism of the putative inhibitory neuro-
transmitter y-aminobutyric acid (GABA)
in mammalian brain (/). This enzyme
catalyzes the transfer of an amino
group from GABA to 2-oxoglutarate,
yielding glutamic acid and succinate
semialdehyde. The latter may then be
oxidized to succinic acid by mitochon-
drial succinate-semialdehyde dehydro-
genase. Although GABA and GABA
aminotransferase were formerly thought

to be localized in central nervous system
(CNYS) tissue, more recent work has in-
dicated that GABA metabolism does oc-
cur in some peripheral organs, including
liver and kidney (2, 3). We report the
presence of substantial amounts of the
catabolic enzyme GABA aminotransfer-
ase in blood platelets and compare the
properties of the human platelet enzyme
with those of the human brain enzyme.
If the enzyme activity of platelet GABA
aminotransferase can be assumed to re-
flect brain enzyme activity, assays of the
easily obtainable platelet enzyme may

Table 1. Comparison of human brain and platelet GABA aminotransferase.

Property Human brain* Human platelets

K., (GABA)t 3.1 x 107*M 3.1 X 107*M
K., (2-oxoglutarate) 1.6 x 10™*M 0.70 x 107*M
Effect of pyridoxal phosphate Stimulates Stimulates
Inhibition (in vitro) by

Aminooxyacetic acid (1078M) 69 percent 79 percent

Aminooxyacetic acid (107°M) 100 percent 97 percent

Ethanolamine O-sulfate (0.3 mM) 39 percent 41 percent
Inhibition (in vivo) by$§

Aminooxyacetic acid (10 mg/kg) 89 percent 100 percent

Ethanolamine O-sulfate (250 mg/kg) 62 percent 95 percent

3.4 nmole/min per
gram of platelets

167 nmole/min per
gram of wet tissue

Activity in crude tissue

*Extract partially purified from human cortex as described earlier (3). 1For kinetic analysis, the GABA
concentration was varied from 0.1 to 1 mM and the 2-oxoglutarate concentration from 0.04 to 0.4
mM. fInhibitors were incubated with extract for 10 minutes at 37°C before addition of sub-
strates. §Sprague-Dawley male rats (160 to 200 g) were given the indicated doses of aminooxyacetic acid
or ethanolamine O-sulfate intraperitoneally in saline solution (two rats per dose). Controls were treated with
saline solution. Rats were killed approximately 24 hours after dosing. The GABA aminotransferase activity
was assayed in platelets and in whole brain homogenates from each rat.
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