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Abstract: There is an increasing need for continuously monitor-
ing changes in brain metabolism and neuronal activity, respec-
tively. The aim is to improve our understanding of mechanisms
involved in physiological as well as pathophysiological and be-
havioural responses and to characterise drug actions. Changes
of NADH concentration in the brain can be regarded as an in-
dex of changes in mitochondrial activity, which is closely related

to neuronal activity. During the last decade the determination of
NADH fluorescence by laser-induced fluorescence spectroscopy
has become a method of choice in the study of mitochondrial
metabolism in neuroscience. By now, small optical probes, pro-
viding excellent temporal and spatial resolution and the devel-
opment of reliable and robust laser-based fluorescence detectors
allow a widespread use in preclinical research. Besidestro
studies, especially the assessment of changes in the NADH fluo-
rescencén vivo has been shown to provide valuable information
on brain function. Several applications are given, ranging from
studying drug action or the extent of brain lesion to the measure-
ment the time course of NADH concentration in a brain region
of an awake and behaving laboratory rat. Theoretical aspects, op-
portunities, and limitations that have to be considered during Bistribution and intensity of the NADH fluorescence in coronal
implementation of fluorescence spectroscopy are described.ritidrain slices containing the hippocampus. The data represent
concluded, that measurement of NADH fluorescence by laske-intensity of the NADH fluorescence in arbitrary units and are
induced fluorescence spectroscopy is a suitable tool for invesibwn as averaged data (n=5) from each measuring point, respec-
gation of functional processes in the brain. tively
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1. Introduction of neuronal activity to non-invasive or minimal-invasive
studies of living and behaving animals.

Experimental methods in neuroscience research range Over the years the emphasis of methodology in neuro-
from characterization of the molecular and cellular basisscience has shifted from structural to functional measure-
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Figure 1 (online color at www.Iphys.org) Schematic drawing of the experimental setup for the measurement of laser induced NADH
fluorescence in rat brain

ments. There is an increasing need to continuously monitor  While there are several endogenous fluorophores in
changes in regional brain function in laboratory animals toneuronal tissue like aromatic amino acids as trypto-
improve our understanding of the mechanisms involved inphan, neurotransmitters such as serotonin and cholecys-
physiological and behavioural responses. tokinin [5-7], as well as substances involved in mi-
tochondrial metabolism as nicotinamide adenine dinu-

It is generally accepted that the major part of the en- X L ) . . )
ergy produced in the neurons is spent for normal phySiO_cIeotlde (NADH) or nicotinamide adenine dinucleotide

; : g : hosphate (NAD(P)H) [4,8] or flavoproteins [9], only
logical function (activity) of neuronal cells and it could be P . . .
shown that energy demand and aerobic energy metabolish-\PH: NAD(P)H and flavoproteins vary in their fluores-
are strongly related to neuronal activity [1]. Therefore, de- "€ related to changes in mitochondrial metabolism.
termining changes in the use of energy shown by shiftsin  The reduced nicotinamide adenine dinucleotide
metabolic activity allows an indirect assessment of neu{NADH) is a main substrate for the energy transfer in
ronal activity. the first complex of the mitochondrial respiratory chain,

During the last years an impairment of cellular located in the inner membranes of the mitochondria.

metabolism caused by mutations of the mitochondrial ~ The ratio of NADH to the oxidised NAD depends on
DNA is thought to play an important role in the develop- the metabolic status in the cells [10]. Changes in NADH
ment of neurodegenerative disorders with differential clin- concentrations in the tissue reflect the intracellular redox
ical features like Morbus Parkinson or Alzheimer diseasestatus and the utilisation of energy.

[2]. The fact that neurons are highly dependent on ox-
idative energy metabolism has suggested a unified pathod
genetic mechanism, based on an underlying dysfunction iré
mitochondrial energy metabolism.

A rise in the concentration of NADH indicates a re-
uced activity with lesser consumption of the energy-rich
lectron donator NADH, whereas an increased activity
causes a higher consumption of NADH, leading to a di-

For that reason the assessment of the cellulaminished NADH level. Determination of changes in the
metabolism under basal conditions and following physi- concentration of NADH allows an assessment of the en-
ological or pharmacological stimuli could offer an insight ergy state of cells, and can be used as a marker of the cel-
in the functional regulation of regional metabolism in the lular metabolism.

central nervous system. The selective determination of the reduced NADH is

Since the pioneering work of Chance and co workerspossible by using its spectroscopic properties. Only re-
(e.g. [3,4]) the measurement of naturally occurring fluo-duced NADH but not the oxidised form NADabsorbs
rophores in the central nervous system has emerged asia the UV spectrum at 340 nm. The induced blue fluores-
method to determine the metabolic status in the tissue. cence signal has a maximum at 465 nm.
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The potential advantages of using the NADH fluores-
cence to monitor neuronal activity and/or mitochondrial
metabolism are obvious. Since NADH is endogenous in 2 *°
the tissue, there is no need to stimulate electrically or to x %2
use additional markers like pH-sensitive dyes, which may & °-7 1
cause their own effects [11-14]. *°§’ 0.6 -

Basically, this technique has been established byg os -
Chance and co-workers [3,4]. Various fluorometric meth- § 0.4 1
ods for the determination of NADH have been devel- g o3 |
oped using high-powered light sources as xenon lampszZ , |
tungsten-halogen lamps or mercury arc lamps (for a com-
prehensive review see [15]). Usually the stationary fluo- |
rescence signal is measured at 450 nm by means of mi- 350 400 450 500 550 600
croscopes or CCD cameras. A drawback of these tech- Wavelength, nm
nigues was the limitation of the fluorescence measurement

to the_surface of the brain [16] or fa vitro prepa_rations_ Figure 2 (online color at www.Iphys.org) Example of a fluores-
qf bram. structures (e.g. [17,_18]). I__a'ger f]eX|bIe f|_br§a—o.pt|c cence spectrum of the hippocamp @nd a slice of the same
light gu_ldes _have been applied eliminating the limitations hippocampal region with some blood seeped into the tis&e (
of a rigid optical set-up [19,20]. in comparison to the spectrum of an aqueous NADH solution

The rapid development of the laser technique permit-(5 » 10~ M, () measured using an acousto-optic tuneable fil-
ted the usage of lasers (nitrogen laser) instead of xenoneer

or mercury lamps as the light source for the excitation of

NADH [21-23] in combination with small diameter glassy

fibres allowed the determination of changes in NADH flu-

orescence in deeper brain aréavivo as well asex vivo

[24-27]. bound NADH are increased significantly compared to the
During the last 15 years the development of small andfluorescence of non-bound NADH [31,32].

efficient lasers enabled the construction of compact, ro- .

bust and transportable fluorescence detection systems wirih Further evidence that the fluorescence mgasqred stems

time-gated signal recognition for a better discrimination rom NADH but not from other quorophpres IS given by

of fluorescence processes that have fluorescence lifetim Qe_fact t_hat flgorescence spectra obtamed from different

different from that of the fluorophore of interest, useful for rain regions like the cortex [17] or the hippocampus [33]

medical research and diagnostic purposes [22,23] (Fig. 1)z?md the terjni?smn spect_riirtriio_f NADH in solut!on f;];tw no
For example, advantage is taken of the temporal speci‘:leparen Iferences wi EIr emission maximu

ficity of the NADH fluorescence in order to achieve a 465 nm (Fig 2).

higher selectivity against other fluorophores with longer  proofs for the mitochondrial origin of the fluorescence
fluorescence lifetimes like flavins by placing the electronic measured are Changes of the fluorescence intensity follow-
gate exactly on the raising edge and the peak of the fluoing manipulation of the electron transport chain. Blocking
rescence trace. the cytochrome C oxidase of the complex IV by cyanide
ThUS, these fluorescence detectors in combination WItl’(NaCN) causes a maximal reduction in the electron trans-
short pulsed lasers permit a continuous measurement Qort chain, including the NADH molecules [24,34]. Tran-
NADH fluorescence. The usage of small-diameter Optica|sient inhibition of the respiratory chain Comp|ex | by
fibres in connection with the known penetration depth of rotenone also caused an increase in NADH fluorescence

the laser (0.5 mm) [28] allows the determination of intra- [18]. The NADH fluorescence recovered with washout.
cellular NADH with high spatial resolution.

In general, the fluorescence measured by this tech- On the opposite, uncoupling of the oxidative phos-
nique seems to be mostly derived from the NADH Phorylation using 2,4-dinitrophenol leads to a decreased
molecules bound to the mitochondrial membrane, sincdNADH fluorescence, which recovered slowly, indicating a
the inclusion of a time gate and the filters used for the mealonger lasting increase in NADH utilisatian vitro [25]
surement excludes most other fluorescent substances wigndin vivo [27].

different fluorescence spectra. However, NAD(P)H has The effects of NaCN, rotenone, and 2,4-dinitrophenol

S|mc|ilar ocri)ti)calbprr)]pert!g_s as N'Al‘DH.;nd the quorde_sce_nc_eon the NADH fluorescence are completely consistent with
produced by both pyridine nucleotides can not discrimi- 4 mitqchondrial origin of the fluorescence measured.
nated easily. In mitochondria the concentration of NADH

and the yield of the NADH derived fluorescence is higher  Taken all together the laser-induced fluorescence spec-
than that of NAD(P)H [15,26,29,30]. While NADH is also troscopy should a promising method to monitor changes in
distributed in the cytoplasmic fraction, it is well known the concentration of mitochondrial NADH and therefore in
that the lifetime and the yield of fluorescence of protein- metabolic activityin vitro andin vivo.
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and it could be shown that the NADH fluorescence and
therefore the corresponding NADH content in the CNS
is not homogeneous but differs strongly between brain-
structures [33]. The observed differences in the NADH
concentrations enable the discrimination of structures as
e.g. the hippocampus, the cortex, the periaquaductal gray,
for example, or the differentiation of lesioned and healthy
tissue in the brain (Fig. 3).

While a clear discrimination between neuronal and
glia cells is not possible, most of the NADH fluores-
cence measured should stem from cells with a high ox-
idative metabolism, excluding mostly the glia cells whose
metabolism is mainly a glycolytic one.
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3. NADH fluorescencdn vivo

Figure 3 Distribution and intensity of the NADH fluorescence
in coronal rat brain slices containing the hippocampus. The datan/hile measurement of the mitochondrial metaboligm
represent the intensity of the NADH fluorescence in arbitrary vitro permits the determination of some aspects of the
units and are shown as averaged data (n=5) from each measugpatial and temporal properties of neuronal activity in
ing point, respectively hippocampal slices (e.g. [37]), assessment of changes in
the NADH fluorescencén vivo in an intact brain offers
the possibility to measure changes in cellular metabolism
. under more normal conditions during physiological and
2. NADH fluorescencein vitro possibly behavioural responses with pathways and feed-
back mechanisms still intact. It has to be considered that
Most of the experiments determining changes in NADH the optic properties and therefore, the intensity of the
autofluorescence intensity in cell cultures or brain slicesNADH fluorescence measureit, vivo might be affected
are primarily accomplished using microscopy systems.by small movements of the brain surface caused by hemo-
Different microscopy systems seem to offer diverse ca-dynamic effects and possibly even by ventilation [15] i.e.
pabilities. Determination of NADH fluorescence in slice physiological factors excluded in tha vitro assays. In
preparations using confocal microscopy is a well estab-our experiments we found no measurable effects on the
lished method for the assessment of the coupling of neuNADH fluorescence caused by ventilation. Faster changes
ronal activity, energy metabolism and mitochondrial func-in the optical properties caused by the pulse beat (280—
tion in brain areasn vitro [9,35,36] and a standard pro- 450 beats/minute) could be excluded by sampling the
tocol for the measurement of NAD(P)H fluorescence inNADH fluorescence for 5 seconds, therefore averaging
hippocampal slices has been published previously [18]eventually occurring heartfrequency-related changes.
A recent study demonstrated that NADH autofluorescence  Changes in the central blood flow, as vasodilation or
imaging can be used to monitor the spatial and temporaasoconstriction, may cause a slight movement of the brain
properties of neuronal activity in hippocampal slices [37]. tissue around the blood vessels and the cortical surface be-
Another microscopy technique employing multipho- low the trepanations. It is widely known that vasodilata-
ton excitation examining deeper into the tissue is possiblytors as nitroglycerine [42,43] or nimodipine [44] and vaso-
more sensitive than confocal microscopy [38—40]. Multi- constrictors as endothelin-1 [45] change the cerebral blood
photon microscopy of NADH fluorescence enables identi-flow, too. These changes of the vessel volume alter the ge-
fication of the fluorescence signals originating either in theometric properties of the cerebral tissue below the optical
cytoplasm or the mitochondria of astrocytes and neurongrobe resulting in variations in the intensity of the NADH
in hippocampal brain slices [41]. The authors could showfluorescence and the scattered light measured [27].
that activity-dependent glycolytic and oxidative metabolic  Additionally, artefacts included by the blood itself
responses in the central nervous system are highly comhave to be considered. It is known that haemoglobin
partmentalised. absorbs both excitation light as well as the emitted
For a more mesoscopic view experiments were alsdNADH fluorescence and various blood corpuscles may
performedin vitro exploiting a setup with larger optical also change the optical characteristics of the tissue and
fibres (100xm diameter) optimised to detect or locate therefore affect the scattered and reflected light. We found
presumed metabolic changes not at the cellular but at theepeatedly a total loss of fluorescence and backscattered
larger tissue level with high temporal resolution [25]. light measured when the tip of the optical probe was in
In preparation fom vivoexperiments we examined the contact with blood, caused either by a remaining blood
regional distribution of NADH fluorescence in the rat brain film on the brain surface or by the accidental contact with
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Figure 5 Change in the intensity of NADH fluorescence in the
ventral hippocampus following administration of a serotgrin

20 : : : : : receptor agonistll) alone and following pre-treatment with a
0 50 100 150 200 selective and silent antagonish) compared to vehicle treated
Time, min animals ¢). Data are corrected for scattered light and expressed

as meantSEM. (n=7-10)

Figure 4 (online color at www.lphys.org) Comparison of two

compensation methods to exclude changes in the optic properties

of the tissuen vivo based on the measurement of the reflected protective
light of 337 nm in the same animal. Both methods, the subtrac- tubing
tion of the reflected light from the NADH fluorescence (broken

line) as well as the ratio of the measured NADH fluorescence and

the reflected light (solid line) lead to similar results (Data shown

in arbitrary units)

steel cannula with

optic fibre
a capillary during the insertion of the probe towards the
target brain region [33] (Fig. 2).
To exclude or at least minimize the effects of changes ]
. . ; . . . connector
in the tissue optical properties various compensation meth-
ods have been developed during the last 40 years (e.g. + -

[10,15,17,20]). The compensation methods rely either on
variations in a tissue derived fluorescence like riboflavin
or on the parallel measurement of changes in the re-

flected excitation light. To the present knowledge there is

not the-one-and-only compensation method. Own experi-

ments showed that different compensation methods based
on the measurement of the reflected light of 337 nm lea
to similar results (Fig. 4).

Physiologically occurring changes in NADH fluores-
cence, e.g. in the cerebral cortex, are of relatively smallFigure 6 Schematic drawing of the optical probe (A) and the
magnitude (sometimes less than one percent of the bas@vide cannula (B) for the measurement of laser induced NADH
line level) [16,46,47], which complicates the usage of fluorescence in freely moving animals
NADH autofluorescence as a routine method. Not to ne-
glect is the fact that most of thim vivo fluorescence
measurements were carried out in anaesthetised animals
with reduced metabolic activity. Therefore, these animals  The introduction of fairly robust and easy to operate
would use NADH at a lower rate, which could lead to a fluorescence detectors with negligible need for daily main-
higher NADH/NAD ratio. tenance [22,23] allows a more extensive determination of
These obstacles could be a reason for the limitedhe metabolic statm vivoin standard laboratory practice.
use of the determination of the NADH autofluorescence  We were able to determine changes in mitochondrial
in vivo, such as monitoring pathophysiological processesactivity following pharmacological and pathophysiologi-
like hypoxia, spreading depression or epileptiform activity cal manipulations in the cortex and in the ventral hip-
[24,48-51]. pocampus of anaesthetised rats [27].

cannula

ptic fibre
2 500 pm

2 100 pm
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Figure 7 Example for the change in the intensity of NADH flu-
orescence in the ventral hippocampus of a freely moving rat over
the time elapsed following insertion of the optical probe. Data
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2- i

i1 0
!/
I

il
BRI Wﬁﬂﬂﬂmﬂrﬁﬂ

At first the application of the NADH fluorescendae JilLﬂllll*Jj}* L*lill

vivo was confined to the surface of the brain but with the
development of protected and durable optical probes th%
assessment of metabolic changes in deeper brain areas was ; |
possible. A brain region of interest is the hippocampus, a
serotonergic projection area, involved in the modulation of : T o - - e -
various behaviours, like anxiety-related behaviour. Sero- Incubation time, min
tonergic drugs are used in neuropharmacological research
and in the clinic. In a first study we could show that ad- _ . _ _
ministration of an agonist at a subtype of the serotoninFigure 8 Change in the intensity of NADH fluorescence in the
receptorfamily, the serotonin receptor, with anxiolytic interior of the _everted gut sac during 30 mlnute_s |ncub_at|o_n in
activity and known inhibitory effects on the electrical ac- @ NAPH solution (10 mgl, (#) compared to an incubation in
tivity of neurons in the hippocampus causes a reversible inigéﬁH(—ﬂefO;/ehlcle solutiond). Data are expressed as mean
crease in the intensity of hippocampal NADH fluorescence T
in pharmacologically relevant doses [52]. The increase in
NADH, to our knowledge the consequence of decreased
metabolic, and therefore neuronal, activity, could be pre-
vented by pre-treatment with a selective antagonist at this
serotonin receptor, indicating a specific action of the ago-jeveloped from the microdialysis technique in freely mov-
nist at a neuronal receptor (Fig. 5). To our knowledge thisjng animals. The optical probe fits into a commercially
is the first demonstration of effects of a psychoactive drugayajlable guide cannula for microdialysis probes (Fig. 6),
on metabolic activity in deep brain structures by the laseryyhich was implanted into the brain stereotaxically and
induced fluorescence spectroscapyivo. fixed to the skull with stainless steel screws and cold cur-
ing resin one week before the experiments.

anges in NADH fluorescence inside of the gut sac, %

4. NADH fluorescence in freely moving Preliminary experiments confirm the suitability of the
animals experimental setup for the use in awake and behaving ani-

mals. Probably due to cell leakage caused by the insertion
of the optical probe through the cerebral tissue, there is at
Determination of NADH fluorescence in conscious ani- the beginning of the experiment a massive NADH fluores-
mals aims at a combined analysis of neuronal (mitochoncence, which declines rapidly during the first thirty min-
drial) activity and behavioural (functional) analysis. utes following insertion of the probe. From this point the
To ensure reliable measurements the animal should b#uorescence measured remained fairly steady throughout
able to move freely in the experimental arena with the op-the experiment (Fig. 7). It has to be taken into account, that
tical probe securely attached. First attempts to determinghe animal was habituated to the experimental arena.
changes in the cerebral NADH autofluorescence in non-
anaesthetised animals were made throughout the sleep- A torque proof optical fibre allows us in the near fu-
wake cycle, showing that the oxidative energy balanceture the determination of cerebral NADH fluorescence in
seems to be related to sleep states [26]. animals during a behavioural test and therefore the as-
Our practical approach for the measurement of NADH sessment of physiological occurring changes in central
fluorescence by laser-induced fluorescence spectroscopy msetabolism.

(© 2006 by Astro Ltd.
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cause the increased fluorescence in the cortex are identi-

cal with the injected NADH molecules. However, the as-
sessment of the bioavailability of NADH shows a useful

............................................................................................ application of the laser fluorescence spectroscopy in neu-
ropharmacological studies.

30 1

20 oo L 6 Conclu5|on

Laser-induced fluorescence spectroscopy of the intrin-

sic and mainly mitochondrial bound NADH is a reliable
............................................................... method which allows the spatial and temporal characteri-
zation of functional changes in the brain associated with
metabolic changeis vitro andin vivo.

To our knowledge, presently no other imaging tech-
nique for the visualization of functional regulation in the
o o o living prain provides a comparable spatial and temporal

Treatment NADH, mg/kg resolution.

Measurements of NADH in awake and freely moving
animals are in principle possible and should be carried out
in further investigations.

10 A

Procentual change of the cortical NADH fluorescence
(area under the curve compared to the controls, %

Figure 9 Change in the intensity of cortical NADH fluorescence
following sublingua)buccal administration of a NADH solution

compared to the cortical NADH fluorescence in vehicle treated In the future the combination of the laser-induced
animals (100%). Data are corrected for scattered light, represenftluorescence spectroscopy with other techniques ifike

the area under the curve and are expressed as #r8BM. (n=9- VIVO mlcrodla_ly5|s or fur_lctlonal magnetic resonance Imag-
10) ing will provide novel important data on brain regional

changes in neuronal function in response to physiological
and pharmacological interventions.

5. A special application for the determination
of NADH fluorescence References

For several years NADH has been used as an advertised1] A. Ames, Brain Res. Re4, 42 (2000).

“nutraceutical” or “life style” drug. NADH as a drug is  [2] E.A. Schon and G. Manfredi, J. Clin. Invest1l, 303
supposed to improve several disorders of the central ner-  (2003).

vous system, like Parkinson disease, cognitive decline, [3] B. Chance and G.R. Williams, J. Biol. Cherfl17, 383
or even major depression. However, publications about  (1955).

central effects of NADH are equivocal and the thera- [4] B. Chance, P. Cohen, Folsis, and B. Saner, Scienc&37,
peutic evidence is inconsistent or of limited-quality and 499 (1962). _
patient-oriented [53,54]. Surprisingly, NADH given in- [5] S.J. Lillard and E.S. Yeung, J. Neurosci. Meft, 103
traperitoneally showed also a mnemotropic effect in old (1997?'_ - .

rats [55] and an antidepressant-like effect in the rat forced [6] S- Maiti, J.B. Shear, R.M. Williams, W.R. Zipfel, and W.W.
swim test [56]. So the question arose whether or not - \évi;’b\}vﬁﬁ:nqge}g Sgﬁéal??,\?,)ﬁ Zinfel. S. Maiti. and W.W
NADH, given peripherally, would have an effect on the W.eb'b Biooh s J76 1835‘(1599) PIeL = ' o
NADH fluorescence in the CNS. In a first vitro experi- » BIOPYS. /5, )

. . : . [8] J.E. Aubin, J. Histochem. CytocheRiz, 36 (1979).
ment with an isolated organ it was determined that NADH [9] M.R. Duchen, Biochem. 283 41 (1992).

could be absorbed in the small intestine. By inserting the[lo] E. Dora, L. Gyulai, and A.G. Kovach, Brain Re299, 61
optical probe in to the centre of the well established sim- (1'984)_ T ; e - ,

ple model of the “everted gut sac” developed by Wilson [11] L.B. Cohen, B.M. Salzberg, and A. Grinvald, Annu. Rev.
and co workers (1954) we could measure a time depen- ~ Neyrosci, 171 (1978).
dent absorption of NADH into the small intestine, using [12] 7.3 Ebner and G. Chen, Prog. Neurobit, 463 (1995).
the laser-induced fluorescence spectroscopy (Fig. 8).  [13] A. Grinvald, Annu. Rev. Neuroscig, 263 1985.

In a subsequent study we found a significant dose{14] E.E. Lieke, R.D. Frostig, A. Arieli, D.Y. Tso, R.
related rise of the measured NADH fluorescence intensity  Hildesheim, and A. Grinvald, Annu. Rev. Physisll, 543
in the cortex of anaesthetised rats following intravenous  (1989).
and intraperitoneal injection [58] as well as following sub- [15] C. Ince, J.M.C.C. Coremans, and H.A. Bruining, Adv. Exp.
lingual/buccal administration of a NADH solution (Fig. 9). Med.317, 277 (1992).
Naturally, it is not verified that the NADH molecules that [16] J.C. LaManna and M. Rosenthal, Brain R&8.145 (1975).

(© 2006 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA



Laser Physics

Letters

A. Rex and F. Fink: Applications of laser-induced fluorescence spectroscopy

[17] K. Harbig, B. Chance, A.G. Kovach, and M. Reivich, J.
Appl. Physiol.41, 480 (1976).

[18] S. Schuchmann, R. Kovacs, O. Kann, U. Heinemann, and K.

Buchheim, Brain Res. Protocols 267 (2001).

[19] A. Mayevsky and B. Chance, Brain Ré&&, 529 (1974).

[20] A. Mayevsky, Brain Res319, 49 (1984).

[21] G. Renault, E. Raynal, M. Sinet, M. Muffat-Joly, J.P.
Berthier, J. Cornillault, B. Godard, and J.J. Pocidalo, Am
J. Physiol. 246, H491 (1984).

[22] J. Beuthan, C. Zur, F. Fink, and G.iMer, Lasers Med. Surg.
6, 72 (1990).

[23] F. Fink, R. Paul, and A. Pfarrherr, in: U. Dirnagl (ed.), Op-
tical Imaging of Brain Function and Metabolism (Plenum
Press, London, 1993), p. 233.

[24] A. Rex, K. Schmalzigaug, F. Fink, and H. Fink, in: J.L.

Gonzalez-Mora, R. Borges, and M. Mas (eds.), Monitoring

Molecules in Neuroscience (University of Laguna, Tenerife
1996), p. 44.

[25] M.W. Riepe, K. Schmalzigaug, F. Fink, K. Oexle, and A.C.
Ludolph, Brain Res710, 21 (1996).

[26] S. Mottin, P. Laporte, M. Jouvet, and R. Cespuglio, Neu
rosci.79, 683 (1997).

[27] A. Rex, L. Pfeifer, F. Fink, and H. Fink, J. Neurosci. Res.

57, 359 (1999).

[28] K.T. Schomaker, T.J. Flotte, and T.F. Deutsch, in: R.R. Al-
fano and A. Katzir (eds.), Proceedings of Advances in Laser

Neurosciencd 19, 87 (2003).
[37] C.W. Shuttleworth, A.M. Brennan, and J.A. Connor, J. Neu-
rosci.23, 3196 (2003).
[38] W. Denk, J.H. Strickler, and W.W. Webb, Scien248 73
(1990).
[39] C.A. Combs and R.S. Balaban, Methods Enzyr88k, 257
(2004).
. [40] S. Huang, A.A. Heikal, and W.W. Webb, Biophys. &R,
2811 (2002).
[41] R.S. Mirzoian, Bull. Eksp. Biol. Med32, 1081 (1976).
[42] A.T. Gusev, O.l. Lebedeva, G.S. Galiautdinov, and V.V.
Bobylev, Kardiologiia24, 49 (1984), in Russian.
[43] K. Tanaka, F. Gotoh, F. Muramatsu, Y. Fukuuchi, T. Amano,
and H. Okayasu, Drug Re30, 1494 (1980).
[44] A. Saito, R. Shiba, S. Kimura, M. Yanagisawa, K. Goto, and
T. Masaki, Eur. J. Pharmacdl62 353 (1989).
, [45] E. Lothman, J. LaManna, G. Cordingley, M. Rosenthal, and
G. Somjen, Brain Re®8, 15 (1975).
[46] M. Rosenthal and F.F.obsis, J. Neurophysiol34, 750
(1971).

- [47] M. Hashimoto, Y. Takeda, T. Sato, H. Kawahara, O. Nagano,

and M. Hirakawa, Brain Re872, 294 (2000).

[48] F.F. Jobsis, M. O’Connor, A. Vitale, and H. Vreman, J. Neu-
rophysiol.34,735 (1971).

[49] A. Mayevsky, and B. Chance, Adv. Exp. Med. Bi@7A,
239 (1973).

and Light Spectroscopy to Diagnose Cancer and other Dis{50] M. O’'Connor, D. Lewis, and C. Herman, Strokg 375

eases (SPIE, Vol. 2135, 1994), p. 76.

[29] M. Klingenberg, W. Slenczka, and E. Ritt, Biochem 332,
47 (1959).

[30] L.K. Klaidman, A.C. Leung, and J.D.J. Adams, Anal.
Biochem.1525 136 (1995).

[31] J.R. Lakowicz, H. Szmacinski, K. Nowaczyk, and M.L.
Johnson, Proc. Natl. Acad. Sci. US8, 1271 (1992).

[32] H.D. Vishwasrao, A.A. Heikal, K.A. Kasischke, and W.W.
Webb, J. Biol. Chem280, 25119 (2005).

[33] A. Rex, L. Pfeifer, and H. Fink, Biol. ChenB882 1727
(2001).

[34] G. Palmer, J. Bioenerg. Biomemias, 145 (1993).

[35] S.L. Mironov and D.W. Richter, J. Physi@33 227 (2001).

[36] O. Kann, S. Schuchmann, K. Buchheim, and U. Heinemann,

(1973).

[51] A. Rex, J.P. Voigt, M. Voits, and H. Fink, Pharmacol.
Biochem. Behab9, 677 (1998).

[52] K.A. Jellinger, Neuropsychiatri#3, 85 (1999).

[53] L.M. Forsyth, H.G. Preuss, A.L. MacDowell, L. Chiazze,
G.D. Birkmayer, and J.A. Bellanti, Ann. Allergy Asthma
Immunol.82,185 (1999).

[54] A. Rex, M. Spychalla, and H. Fink, Behav. Brain R&54,
149 (2004).

[55] A. Rex, R. Schickert, and H. Fink, Pharmacol. Biochem. Be-
hav.77, 303 (2004).

[56] T.H. Wilson and G. Wiseman, J. Physi@R3 116 (1954).

[57] A. Rex, M.P. Hentschke, and H. Fink, Pharmacol. Toxicol.
90, 220 (2002).

(© 2006 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA



