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1
METHOD FOR MEASURING
NEUROTRANSMITTERS IN VIVO

RELATED APPLICATIONS

This application claims the priority of PCT Application
No. PCT/US2008/075240, filed Sep. 4, 2008, and U.8. Pro-
visional Application No. 60/970,449, filed Sep. 6, 2007, both
of which are incorperated herein by reference in their entirety.

GOVERNMENT RIGHTS

This invention was made with government support under
Grant No. MH071566, awarded by the National Institute of
Mental Health (NIMH) and Grant No. EB003832, awarded
by the National Institute for Biomedical Imaging and
Bioengineering (NIBIB), both of the National Institutes of
Health. The government has certain rights in the invention.

SEQUENCE LISTING

This application contains a Sequence Listing which has
been submitted electronically as a pdf image to the U.8.
Receiving Office via the USPTO EFS-Web, and is hereby
incorporated by reference in its entirety. A computer readable
version with content identical to the pdf image is also sub-
mitted herein.

FIELD OF THE INVENTION

The present invention is directed to a method for detecting
neuroactive substances in live tissue. In particular, the method
is designed to measure levels of biochemicals in live brain
which were, until now, difficult to detect with sufficient speci-
ficily, sensitivity or temporal resolution.

BACKGROUND OF THE INVENTION

In the brain, neurons communicate with other neurons or
non-neuronal cells mostly by sending or sensing neurotrans-
mitters or neuromodulators. The ability to detect these com-
pounds in the live brain is essential to understanding brain
physiology. Furthermore, the developnient of methods to
measure the amount of neurotransmitters and neuromodula-
tors in vivo is critical to study the large number of pathologies
associated with abnormal levels of extracellular signaling
molecules in the brain.

In vivo monitoring techniques for neurotransmitters or
neuromodulators measure changes in the concentration of
specific substances in the extracellular compartment of
selected brain regions resulting from the activity of neuronal
assembiies. The two principal techniques used in seurotrans-
mitter or neuramodulator monitoring in the live brain are
microdialysis and voltammetry.

Microdialysis-based methods consist of implanting a can-
nula, for instance, inside the brain, to collect submicroliter
volumes of cerebrospinal fluid at regular intervals (Day et al.,
2001). The microdialysis probe has a diameter ranging from
200-500 um resulting in a velume resolution of at least I mm®
(Portas et al., 2000). Compounds in the samples are com-
monly separated on a High Performance Liquid Chromatog-
raphy (HPLC) colums, or less frequently, using Capillary
Electrophoresis (CE) or capillary Liquid Chromatography
(LC) columns {Kennedy et al., 2002). The molecules of inter-
est are detected in the flow-through by analytical methods
such as gas chromatography, radicenzymatic assay, radioim-
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munclogical measurement, fluorometry, electrochemical
detection or mass spectrometry.

The main drawback of microdialysis is its temporal reso-
tution, which can be several orders of magnitude fower than
the time scale of electrical activity of brain cells. For example,
the neurotransmitter acetylcholine (ACh) is presumably
released in the cerebral cortex during short periods, e.g., 250
ms (McConmnick et al., 1993). However, a typical microdialy-
sis/HPLC system with femtomole detection limit can analyze
a sample every 5-30 min (Day et al,, 2001). If the microdi-
alysate is analyzed via capillary electrophoresis combined
with laser-induced fluorescence, nancliter sampies may be
coliected and the temporal resolution reduced to ~60 5 (Lena
et al., 2005). However, laser-induced flucrescence requires a
method to conjugate a fluorophore to the analyte. Further,
experimental results using capillary electrophoresis com-
bined with Buorescence for most neurotransmitters, includ-
ing ACh, have not been published to date. Detection of ACh
by tandem mass spectrometry still requires several minutes
per sample {Shackman et al., 2007; Zhang et al., 2007).

Temporal resolution of microdialysis systems can be
improved at the expense of sensitivity, making detection of
peuraactive substances problematic, To circumvent this prob-
lem, substances known 1o increase levels of neurotzansmitters
are included in the microdialysis perfusate (e.g., Himmelher-
ber et al., 1998). In this respect, the practice of adding ace-
tylcholine esterase inhibitors for ACh measurements is par-
ticularly controversial as the inhibitors perturb the
physiclogy by artificially raising levels of ACh in the brein
{Day et al., 2001},

Direct in vivo electrochemical methods rely on implanted
electrodes measuring the redox current generated by the sub-
stances of interest at the electrodes. These technigques,
referred o as amperometry, chronoamperometry and fast-
scanning voltammetry, differ mostly in the stimmulation wave-
form applied to the measuring electrode (Michael and Wight-
man, 1999).

Electrochemical methods have been used to detect, for
instance, plasma glucose levels. In the brain, the most suc-
cessful use of electrochemistry has been in the detectior of
dopamine, with a temporal resolution below one second
(Robiasson et al., 2003). Although detection of choline looks
promising, electrochemical detection of ACh has proven dif-
ficult and current designs have a detection limit of 80 nM-660
oM (Mitchell, 2004; Bruno et al,, 2006) in vitro, whereas
estimates of basal levels using microdialysis are on the order
of 4 to 100 nM (e.g. Rasmusson et al., 1992; Jimenez-Cap-
deville and Dykes, 1996; Himmelheber et al., 1998).

The main drawback of electrochemical methods is the lack
of chemical sensitivity (Michael and Wightman, 1999). Elec-
trochemical methods are, for instance, unable to differentiate
between norepinephrine and dopamine (Robinson et al.,
2003). Selectivity can be enhanced by coating electrodes, but
at the expense of temporal resolution. Furthermore, electro-
chemical measurements are ofien contaminated by signals
from precursors or metabolites of neurotransaitters, or unre-
lated compounds. For instance serotonin electrodes detect
two metabolites of serotonin, S-hydroxyindolacetic acid and
uric acid {Cespuglio et al.,, 1998; Nakazato and Akiyama,
1999).

The difficulty in measuring single biochermical molecules
in-vive is even greater when multiple molecules need 1o be
specifically detected simultaneously at the same site. Studies
using voltammetry demonstrated the possibility to record
several substances at the same electrode, but with the same
selectivity shortcomings as described above (e.g., Nakazato
and Akiyama, 1999). As such, neither microdialysis nor elec-
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trochemical techniques are adequate to measure simulia-
neously and unambiguously two biochemicals.

A recent approach, called FLIPE {Fluorescent indicator
protein for glutamate), uses a genetically engineered chi-
meric prolein composed of a glutamate binding site flanked
by a blue and a yellow Auorescent protein (Okumoto et al,,
2003). Following cell surface expression of the FLIPE sensor,
binding of glutamate to the protein elicits a conformational
change leading to a Fluorescence Resonance Energy Transfer
(FRET) from the blue to the yellow fluorophore, which can be
optically detected.

The main drawback of this method is its lack of flexibility,
since it entails (1) finding a natural binding protein for the
molecule of interest, from which the binding site is derived
(2) modifying the chimera to provide enough molecular
motion for FRET 1o occur, a step that requires extensive
mutagenesis and screening, and (3) expressing the FLIPE
sensor in the cells of interest in the brain,

Accordingly, the need remains for a method for a sensitive
and specific in vive detection of neurotransmitters with good
temporal resolution.

SUMMARY OF THE INVENTION

A methed is provided for measuring neurcactive sub-
stances in live brain using optical detection. According to an
exemplary embodiment of the present invention, the method
for measuring neurotransmitters in vive comprises the steps
of producing cellular sensors, called neurofluacytes, that emit
an optical signal when detecting specific biochemical signal-
ling molecules such as neurotransmitters or neuromodula-
tors; implanting the cellular sensors into five tissue; and
detecting the optical signal vsing microscopy techniques
optimized for deep tissue imaging.

In one aspect of the invention, a method for in vivo detec-
tion of a biochemical substance in an animal comprises cul-
turing neurofluocytes that stably express a receptor of the
biochemical substances by transfecting cells with cDNA of
the receptor and a fag that will emit a detectable energy in the
presence of the bicchemical substance, implanting the nev-
rofluocyte into the animal’s brain; and detecting the energy
emission of the tag. In a first embodiment, the biochemical
substance is a neurotransmitter, the tag is a fluorophore, and
the step of detecting includes forming an opening in the
animal’s skull and optically detecting fluorescent emissions
using a two-photon laser scanning microscope. In an alfterna-
tive embodiment, the tag is an optical reporter protein. Mul-
tiple bicchemical substances can be simultaneously detecied
by culturing neurofluocytes that express different receptors
and have diiferent fluorescent tags that preduce optical sig-
nals ai distinguishable wavelengths.

The inventive method would be useful to both basic science
jaboratories, to help discover how biochemical compounds
are released in the normal and diseased body, and pharma-
ceutical companies. For example, with regard to the brain, the
inventive method will help pharmaceutical companies dis-
cover novel neurological or neuropsychiatric drugs in pre-
clinical live animal studies. The superior specificity and tem-
poral resolution of owr technique can be used to establish the
biochemical effects of new compounds and to decide if they
should proceed in the drug development pipeline,

The demonsirated ability of the inventive method to detect
release of cortical acetylcholine is especially suitable to
developing cholinergic theraptes in animal models of Alzhe-
imer’s disease.

The present invention provides a method for detecting
biochemical substancesin the live brain. The method relies on
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recombinant expression of receptors in a fluorescent-based
cell assay system, a technology used in fluorescent imaging
plate reader, which is known in the art (FLIPR, Lang et al.,
2006), but provides a navel method involving that use trans-
planted, light-emitting cultured cells to delect neurotransmit-
ters or neuromodulators in the brain of live animal.

In one implementation of the inventive method, the fuo-
rescent cell-based assay, routinely employed in high-
throughput screening to test many different ligands against a
single receptor, is used to create implantable neurofluocytes
that can detect a single endogenous neurotransmitier in rat
neocortex. The state of each cell is imaged with in vive
two-photon laser scanning microscopy (TPLSM). In another
implementation, HEK293 cells were (ransfected with the
Ca™-coupled M1 muscarinic receptor and the genetically
encoded FRET-based Ca® biosensor TN-XXL. In the pres-
ence of acetylcholine (ACh}, a M1-mediated Ca®* increase is
transduced by TN-XXL into a FRET-based optical signal. In
vitro, FRET-based signals in individual neuroflucctes could
be detected at a concentration of ~10 nM ACh (~30% change
in 7 s) and increased monotonically toward a saturation level
of ~1 uM ACh (>90% change in 5 5).

Neurofluocytes were implanted in rat neocortex to a depth
of several hundreds of micrometers and imaged by TPLSM.
In control studies, ejection of 4 to 40 n] ACh (1 mM) near the
nearofluocytes induced a 15% signal change (6 trials, ~50
cellsfirial, 2 rats), while sham ejections led to no discernable
change. Implanted cells had normal morphology and
responded for at least 6 hrs. Endogenous release of ACh was
generated by electrical stimulation of nucleus basalis magno-
cellularis (NBM} and verified by desynchronization of the
electrocorticogram. Each NBM stimulation triggered up to a
30% signal change in ~5 s, presumably due to ACh release
near the neurofluocytes.

The modularity of the inventive technique allows for the
realization of different receptor/sensor pairs as a means for
detection of other neurochemicals, including neuropeptides.
The only requirement is that the molecule induces achange in
an optically-reportable signal, e.g., Ca®*, cAMP, or protein
kinase A activity, inside the neurcfluocytes. Lastly, chronic
studies may require isogeneic cell lines, as used in ex vivo
gene therapy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a and 15 are diagrams showing the principle of the
inventive method to detect a neurotransmitter in live brain
tigsue, where FIG. 1a provides an example of a neurcfluocyte
that expresses receptors for intracellular calcivm and includes
a fluorescent calcium indicator. FIG. 15 illustrates an exem-
plary experimental set-up for monitoring optical signals in an
animal.

FIG. 2a provides a diagram of the detection mechanism
and FIG. 2b illustrates the in vitro 2-photon FRET signals in
M1-TN-XXL neurofluocytes in response to bath application
of acetylcho line.

FIGS. 3a and 35 illustrate the response of HEK cells,
loaded with Ca-Green-1 that were implanted 200 jun below
the pial surface and imaged with TPL3SM, where FIG, 3a
shaws the response (fractional fiuorescence change) to a puff
of ACh through an extracellular electrode and FIG. 35 shows
the response to electrical stimulation of NBM.

FI1G. 4 illustrates the response of M1-TN-XXL neuwrofluo-
cytes implanted in the cerebral cortex of a rat 1o NBM stimu-
lation.

DETAILED DESCRIPTION OF THE INVENTION

The inventive method relies on geanetically engineered
cells, called neurofluccytes, that are designed to emit a fluo-
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rescence signal when detecting a specific neuronal signaling
molecule. Neurofivocytes express a membrane receptor act-
ing on an intracellular messenger such as calcium or cyclic
AMP upon binding the molecule of interest, and a protein that
emits light depending on the amount of the intraceliular mes-
senger. Alternatively, if the receptor induces a membrane
potential change, voltage-sensitive dyes can be used to report
on the activation of the receptor. Neurofluoeytes are subse-
guently implanted in-vive. The flnorescence signal from
these cells is detected, for example, by two-photon laser
SCANNING MMICIoscopy.

FIGS. 1 and 15 illustrate the principle of the inventive
method to detect a neurotransmitter ix live brain tissue. FIG.
1a is a diagram showing a cultured cell that has been stably
co-transfected with eukaryotic expression vectors containing
cDNA that encode receptors for the targeted neurotransmit-
ter, in this example, intracellular calcium, and a fluorescent
calcium indicator, The resulting neurofluocyte is injected into
the live brain of a model apimal, which, in this case, is a rat.

FIG. 15 shows the basic apparatus for optical examination
of the live brain to observe and measure the expression of
neurotransmitter using two-photon laser scanning micros-
copy {TPLSM). The detection optics 24 include a combina-
tion of mirrors, filters, lenses and detectors which receive the
photons from the animal preparation 32 through the objective
fens 22. A digital image acquisition and storage system 70 is
provided to store sections in the form of digital images. Such
a system 70 comprises a computer system and suitable acqui-
sition software and imaging software to visualize the animal
preparation (rat brain). Additionzl scftware and/or hardware
can be included to provide positioning control and coordina-
tion of the translation stage 40, allowing precise positioning
and assignment of reference coordinates to the stored images.
An optically transparent cranial window, such as a coverslip,
may be placed over the apening created by the craniotomy.

The head-fixed mount 30 is constructed from a metal plate
62 which is directly attached {o the animal preparation 32.
The metal plate 62 is mounted onto metal rods 64 which
attach to a kinematic baseplate 66 that can be removed and
replaced with high precision. The kinematic base plate 66
attaches to a translation stage 40 that can be connected to
system controller 70 to pravide computer control to deliver
micremeter position accuracy, Such a system is disclosed in
U.S. Pat. No. 7,258,687, which is incorporated herein by
reference.

Additional details of the components of the TPESM and
methods of in vive brain imaging are provided in Chapter 6
(“Principles, Design and Construction of a Two-Photon
Laser-Scanning Microscope for In Vitro and In Vivo Brain
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Brain Function, ed. Ron D, Frostig, 2002, CRC Press, pp.
113-171, which is incorporated herein by reference.

The inventive technique can be applied to acute experi-
ments in anesthetized animals, during which cells are imaged
a few hours after injection. The same methodology can be
extended to chronic studies in awake behaving animals, dur-
ing which biochemical monitoring can take place several
days afier the implantation procedure and could last for
weeks. Finally, genetically engineered animals can be pro-
duced that naturally express the neurofluocytes, for example,
in endogenous fibroblasts expressing a receptor of interest
and appropriate sensor for an intracellular messenger. The
inventive method is not only applicable to monitor neu-
rotransmitter receptors in the brain but is also relevant to
detect bioactive malecules in other organs,

Neurofluocytes are produced from convenient, easy to pro-
cure expression systems such as Human Embryonic Kidney

65
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cells (e.g., HEK293). This type of ceii is suitable for acute
experiments lasting less than a day.

in chronic studies that could extend over several months,
cells originating from the strain of the animal later to be used
(e.g., an isogeneic cell line) can be used to prevent an immu-
nological reaction to the graft. The concept of implanting
genetically-modified cells, known as ex vivo gene therapy,
into the CNS to supplement function (Gage et al., 1987) has
led to a large body of work describing various denor cells,
methods of gene transfer and subsequent tests of persistent
gene expression and histological effects of chronic implanta-
tion (Kawaja and Gage, 1992). A number of cell types have
been used, including primary and immortalized fibrobiasts,
glial cells, peripheral neural tissue, and tumor-derived cells
(Kawaja and Gage, 1992; Suyder and Senut, 1997, Pizzo et
al., 2004). Autologous cells can be readily created from
Schwann cells, endothelial cells and astrocytes, Of particular
interest are skin fibroblasts, which are easy to harvest, main-
tain and made to express exogenous proteins that can promote
regeneration, rescue and recovery of damaged neural tissue
(Tuszynski et al., 1994; Grill et al., 1997; Liu et al., 1999).
More importantly, rat skin fibroblasts that have been
implanted into the rat brain can survive for several months,
exhibit contact inhibition and, thus, intercalate into the sur-
rounding neuropil without growing into 2 mass (Kawaja and
Gage, 1992). These cells can provide persistant expression of
the transgenes for at least a year (Pizzo et al., 2004). Isogeneic
grafts from inbred strains (Fischer 344) allows for cells to be
harvested from a single animal, transfected, then implanted
inte many animals with results similar to autologous grafts,
surviving at least 24 months (Kawaja and Gage, 1992). A
significant obstacle encountered in past work has been the
formation of a glial scar that may impede the free diffusion of
neurotransmitters around the implanted cells (Kawaja and
Gape, 1592). It may be possible to reduce this effect witk the
use of immune-suppressing drugs.

According to the present invention, host celis, such as
HEK293 or fibrobiasts, are cotransfected with the cDNAs of
a membrane receptor for the molecule to detect and, in some
embodiments, 5 fluorescent reporting protein. Such ¢cDNAs
are easily obtained either from academic laboratories or from
commercial suppliers. To ensure consistent levels of receptor
and probe (tag) in newrofluocytes, these cells are made to
stably express the detector and reporter proteins using stan-
dard selection protocols after transient transfection. A less
tedious and time-consuming procedure to produce stable neu-
rofluocyte lines uses retroviral transfer of genetic material.
This method has been generally accepted as the preferred
means of creating cell lines with slable expression when celis
exhibit stable growth and replication (Kawaja and Gage,
1992, Snyder and Senut, 1997). Replication-incompetent
recombinant lentiviruses provide an efficient way to incorpo-
rate farge transgenes into the genome of host cells.

Fipally, genetically engineered animals can be produced
that naturally express the newrofluocytes, for example, in
endogencous fibroblasts expressing a receptor of interest and
appropriate sensor for an intracellular messenger.

Overall, the methods involved to develop neurofluocytes
for various neurcactive substances are standard cellular/mo-
lecular biology procedures. The inventive method’s adapt-
ability constitutes a major advantage over prior art methods.

The membrane receptors can include all G-protein coupled
receptors linked to the IP,/Ca®* or other second messenger
pathways, allowing the detection of a wide variety of com-
pounds that includes virtually ali neurotzansmitters or neu-
ropeptides. In addition, ionotropic receptors endowed with a
large calcium permeability such as the nicotinic oy, 5-HT, ,,
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the purinergic P, and the GluR, subunits can be used as
initial sensors for acetylcholine, serotonin, ATP or glutamate,
respectively. Further gain of function could be obtained by
expressing artificially mutated receptors that would optimize
the optical signal of neurofluocytes {e.g., by increasing cal-
cium permeability). The sensitivity of receptors to their natu-
ral agonist and their usual insensitivity to metabolites or
precursors provide significant advantages over prior art meth-
ods.

In an exemplary embodiment of the invention, activation of
receptors is reported by a fluorescent organic dye or by an
optical reporter protein.

Fluorescent organic dye. Receptors that increase intracel-
lular calcium can be paired with calcium-sensitive fluorescent
dyes. These organic compounds, such as Calcium Green or
Oregon Green-BAPTA can be easily introduced into the cul-
tured cells using their acetoxymethyl (AM) derivatives
(Grynkiewicz et al,, 1983). These melecules allow robust

detection of activation of Ca®* influx triggered by activation 2

of G -protein coupled IP,/Ca®* second messenger system or
via the opening of calcium-permeable channels. In addition,
these indicators are well-suited for two-photon microscopy
(Denk et al.,, 1990; Svoboda and Yasuda, 2006). However,
long-term experiments {>1 day) will these dyes are not pos-
sible duc to their eventual sequestration into intracellular
organelies and/or degradation. If activation of the receptors
results in a change in membrane potential, organic voltage-
sensitive fluorescent dyes can be used as well. For instance,
Huang et al. (2006) demaonstrated the usefulness of using a
combination of these dyes in transfected HEK293 cells to
obtain a large and fast FRET (Fluorescence Resonance
Energy Transfer) signal in response to cell depolarization.

Optical reporter protein. Another possibility is to cotrans-
{ect the sensor cells with an optical reporter protein. In prin-
ciple, possible reporters would include bioluminescent pro-
teins such as aequorin, however, for imaging reasons
described below, filuorescent probes are preferred. These can
be any of the several fluorescent genetically engineered cal-
cium indicators already available, including calmodulin-
based [Ca®*} sensors such as Yellow Cameleon 3.60 and 3.12,
Camgaroo 2, Inverse pericam, G-CaMP, G-CaMP2, and
troponin C-based [Ca®*] sensor (TN-L15) (see Kleinfeld and
Griesbeck, 2005). Among fluorescent reporting protfeins,
those based on Fluorescence Resonance Energy Transfer
(FRET)are particularly valuable since the differential change
in the FRET signal allows one to distinguish between artifi-
cial variations in fluorescence intensity, such as those induced
by animal motion, and bona fide signals.

An example of such FRET probe is TN-XXI., (for extra-
extra large). This high performance probe is the latest mem-
ber of the troponin C-based family calcium indicators (Mank
et al,, 2008; Heim and Griesbeck, 2004; Mank et al., 2006)
and consists of a troponin-C Ca®* binding sile flanked by
enhanced cyan fluorescent protein (eCFP) and yellow fluo-
rescent protein (eYFP). Upon calcium binding, troponin-C
undergoes a conformational change that triggers FRET
between the two fuorophores. An increase in intracellular
Ca®* leads to a characteristic decrease in CFP fluorescence
and an increase in YFP fluorescence. Using the same prin-
ciple, recepiors that stimulate a sccond messenger system
other than the IP,/Ca®* pathway can still activate a calcium
indicator. This can be achieved by coexpressing in neurofluo-
cytes either the promiscuous G-protein Gy, 5 oF a G-protein
chimera capable of coupling the receptor with the 1P,/Ca™"
pathway (Coward et al., 1999). Alrernatively, receptors that
madulate intraceliular cAMP levels via G, or G, G-proteins
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can be coupled with the genetically-encoded fuorescent
probe AKAR (Zhang et al., 2005).

The temporal resolution of neurofluocytes is determined,
to a large extent, by the kinetics of the light-emitting reporter.
The measured decay time of organic dyes and fluorescent
reporting proteins ranges from sub-second to seconds {(e.g.,
Mank et al., 2006), which allows the inventive method to be
faster than microdialysis/separation/detection iechniques,

Neuwrofluocytes can be micro-injected in the brain of live
animals or in other tissue of interest such as in vitro vertebrate
brain slices. An exemplary procedure for implantation into
the cerebral cortex of anesthetized rats involves loading neu-
rofluocytes in a thin glass needle (shank diameter ~100 pm)
fitted to a nanoliter injector. The pipette is lowered into the
desired brain region through a craniotomy located using ste-
reotaxic coordinates. Neurofluocytes are then delivered in 5
nl increments. After removal of the injection needle, the cran-
iotomy is covered with an optical window. In case of acute
experiments, the animal can be subsequently imaged for sev-
eral hours. In chronic studies, the animal wauld be allowed to
wake up from the surgery and recover from the cell implan-
tatien for a few days. Although gene expression has been
shown to decrease over varying time-scales, in the short term
of several weeks, expression of the receptors and light report-
ers should remain strong,

The spatial resolution of the inventive technique is deter-
mined by the size of the injection site, currently ~100 pm in
diameter. Although this parameter is larger than the spatial
resofution of non-enzyme assisted in vivo voltammetry
(which depends mainly on the tip diameter of the recording
electrode), it compares favorably with that of enzyme assisted
voltammetry (Bruno et al, 2006) and the microdialysis/
HPLC methed (Day et al,, 2005).

Akey feature of the inventive method is the ability to detect
several neurotransmitters/neuropeptides simultaneously in
the same brain region. This can be achieved by injecting a mix
of neurcfluocytes designed to detect different molecules. To
distinguish the different responses, each population of neu-
rofluocytes can be “tagged” with a different fluorophore, the
emission of which does not overlap with the functional signal,
The tags inciude, but are not restricted to, a multitude of
non-functional fluorescent erganic dyes, fluorescent proteins
or even quantum dots. In a similar fashion, tagged control
cells, not expressing the receptor of interest but providing an
optical signal, can be injected with neurofluocytes to assess
the level of any endogenous response in the host ceils.

Optical signals from neurofluccytes injected inte brain
tissue ex vivo such as in mammalian brain slices can be
imaged easily using conventional brightfield fluorescence
microscopy. Neurafiuocytes implanted in the brain of a live
animal can be recorded using well-established in vivo imag-
ing techniques through the craniotomy used to implant the
cells. These methods allow optical recording deep inside the
brain of anesthetized or unanesthetized animals such as rats.

Optical recording of the whole implantation locus as a
single point is possible, However, whole frame imaging tech-
nigues are more capable than single location photometric
measurements to discriminate artifactual signals coming
from dead cell debris, animal motions, etc. In addition,
single-point measurements lack optical sectioning in the z—
direction, preventing measurement of biochemicals at differ-
ent depths in the tissue.

Imaging deep inside five tissue present challenges that
have been solved by the advent of two-photon laser scanning
microscopy ([PLSM) (see, e.g., U.S. Pat. No. 5,034,613 of
Denk et al., which is incorporated herein by reference.)
TPLSM allows full-frame imaging of implanted nevroflue-
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cytes at depths down to 560 im from the surface of cerebral
cortex of anesthetized rats. To image deeper inside the brain,
and to record neurofluocytes in awake animals, several micro-
scope techniques based on fiber optics have been described,
which allow animals to behave relatively unconstrained. For
instance, a miniaturized two-photon microscope setup affixed
to the head of rats has been demonstrated (Helmchen et al,,
2001). To allow neurotransmitter menitoring in subcortical
structures that cannct be imaged directly by two-photon
microscopy due to depth Hmitations, nearofluccytes can be
visualized by minimally invasive one-photon or multi-photan
endoscope-based techniques which allow imaging in loca-
tions such as striatum or hippocampus {e.g., Jung and
Schnitzer, 2003; Jung et al., 2004; Levine et al., 2004).

Validation of the inventive technique was performed by
producing and testing neurofiuocytes designed to detect ace-
tylchotine {ACh-neurofluocytes) in cerebral cortex.

Several types of neurofluocytes have been designed and
produced:

ACh-peurofiuocytes loaded with fluorescent organic dye.
These ACh-neurofluocytes were devised by taking advantage
of the intrinsic although highly variabie expression of intrin-
sic acetylcholine muscarinic receptors in HEK293 cells (Tay-
lor and Tsien, 2006). Populations of HEK293 cells were
loaded with the cell-permeant organic indicator Ca-Green-1
AM prior to testing.

ACh-neurofluocytes expressing a muscarinic receptor and
fiuorescent protein. To enbhance the response to acetylcholine
and augment the fluorescence signal, a clonal cell line of
ACh-neurofizocytes stably expressing the M1 muscarinic
acetylcholine  receptor (GenBank  Accession No.
NM__0R0773; SEQ ID NO. 1) and the TN-XXL genetic cal-
cium probe was created. These cells are referred to here as
M1-TN-XXL neuro-fluocytes. HEK-293 cells were trans-
duced with lentivirnses modified to carry the M1 muscarinic
acetylcholine receptor or the TN-XXL FRET intraceliular
calcium indicator as transgenes. Clonal cells were selected
subsequentiy based on the highest response to acetylcholine
in vitro.

Fibroblast-based neurofluocytes. 1n preliminary experi-
ments, chemical transfection was vsed 1o establish that rat
skin fibroblasts from Fisher 244 rats can express TN-XXL.

In addition, using lentiviral transduction, HEK293 cells
stably expressing TN-XXL and the non-functional red fluo-
rescent protein mCherry for tagging purposes were created as
control neurofiuocytes. Neurofluocytes designed to detect
serotonin by transiently cotransfecting HEK cells with the
¢DNA of the calcium-permeable ionotropic receptor 5-HT,
{GenBank Accession No, NM__024394; SEQ 1D NO. 2) and
that of TN-XXL were also engineered. In vitro, these cells
responded robustly to 3-10 jum serotonin applied in the bath.
These experiments demonstrate the flexibility of the inventive
method to design sensors for different neurotransmitters,

The sensitivity and specificity of ACh-neurofluocytes have
been determined by in vitro testing;:

MI1-TN-XXL neurcfluocytes. ACh-newrofluocytes were
tested in vitro for their sensitivity to acetylcholine. Applica-
tion of ACh (10 nM to 10 M) via bath perfusion elicited
robust FRET responses in ACh-neurofluocytes imaged by
two-photon microscapy, with a 10 oM detection threshold. In
addition, ACh-neurcfiuocytes are insensitive to norepineph-
rine, serotonin, GABA, glutamate, glycine, aspartatesgly-
cine and dopamine. F1G. 2a provides a diagram of the detec-
tion mechanism, FIG, 2b illustrates the in vitro 2-photon
FRET signals in M1-TN-XXL neurofluocytes in response to
bath application of acetylcholine of 10 nM, 30 nM, 1 uM and
10 pM of ACh.
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ACh-neurofluocytes loaded with fluorescent organic dye.
ACh-neurofluocytes were tested in vivo to assess their ability
to detect acetylcholine applied externally or released in cere-
bral cortex by a neural mechanism. HEK293 ceils loaded with
Ca-Green-1 were injected into the parietal cortex of anesthe-
tized rat to depth of 300 um below the pial surface. Depending
anthe injection volunze, tens of cells can be visualized sirsul-
tasieously in the same field of view using in vivo TPLSM. Cell
maorphology was normal, with no sign of degradation after
several hours, Implanted cells did not drift from the field of
view, which indicates that brain tissue provides adequate
support for neurofluocytes. Periedic cell motions from heart
beat and respiration were limited o 2 o 3 pm displacements.

To test in vivo sensitivity, a pipette containing 1 mM ACh
fitted to a nanoliter injector was placed close to the injection
site. Ejection of 20 nl of ACh elicited a large fluorescent
transient in neurofiuocytes (FIG. 3a). This result establishes
that ACh-nevrofluccytes can respond one or two orders of
magnitude faster than microdialysis.

Electrical activation of the cholinergic input to cerebral
cortex provides a test-bed to validate the ability of ACh-
reurofluocytes to detect physiologically relevant amounts of
ACh. The cerebral cortex is massively innervated by cholin-
ergic fibers (Mechawar et al., 2000) that come from neurons
in Lhe basal forebrain. Ie particular, in rat, the NBM (Nucleus
Basalis Magnoceliularis}, medial septal nucleus, and the
diagonal band of Broca extend cholinergic projections to the
neocoriical mantle and play a critical role in cortical activa-
tion (Metherate et al., 1988; McCormick, 1993). In rats anes-
thetized with urethane, electrical stimulation of the NBM
results in a characteristic transition of the electrocorticogram
(ECo(G) from larpe amplitude, slow wave potentizls to low
amplimde, higher frequency electrical signals (Metherate et
al, 1992; Metherate and Ashe, 1992), This phenomenon,
called desynchrenization, is directly related to increased lev-
els of cortical ACh (Metherate et al., 1992). Cortical desyn-
chronization is therefore the hallmark of ACh release in cor-
tex in either the anesthetized or awake animal (Bakin and
Weinberger, 1996). Urethane-anesthetized rats were injected
with HEK293 cells loaded with Calcium Green in the cere-
bral cortex and a bipolar stimulating electrode was implanted
in NBM together with ECoG-recording electrodes to detect
desynchronization in cerebral cortex upen NBM stimulation.
Electrical stimulation of the NBM led to a2 robust, repeatabie,
~10 s epochs of desynchronization. Some, but not all,
implanted cells simultanecusly imaged with TPLSM gave a
functional Ca** gignal, consistent with the uneven expression
of endogenous muscarinic receptors in HEK283 cells (FIG.
14).

Mi1-TN-XXL ACh-neurofiuccytes. A similar set of experi-
ments was conducted with stably transfected M1-TN-XXL
neurofluocytes. In addition to response to injections of ACh,
these ACh neurofluocytes gave a robust FRET signal upen
single NBM stimulation and concomitant ECoG desynchro-
nization. FIG. 4 illustrates the signals generated during detec-
tion of M1-TN-XXL neurofluocytes implanted in the cerebral
cortex of a rat subjected to NBM stimulation.

Qverall, in vivo validation experiments demonstrated that
the inventive methed is superior than microdialysis/separa-
tion/detection and electrochernical technigues. The inventive
method can upambiguously detect single trial output of ace-
tylcholine in cortex, with a temporal resolution in seconds,
without addition of acetylcholinesterase inhibitors and with-
out background sigpals from other compouads or endog-
enous cellular activity, as evidenced by the lack of FRET
signal before the NBM stimulation. It was also demonstrated
that neurofluocyies can remain functional up to six days after
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their implantation in the brain. Furthermore, responses of

neurofluocytes to NBM stimulation is abolished by intracere-

bral injection of atropine, the canonical antagonist of musca-
rinic receptors.

Simultaneous in vive imaging of different nenrofluocytes
can be performed to provide two separate measurements of
the same target neuronal signaling molecule or to detect two
different signaling molecules, This capability was demon-
strated by in vivo imaging of M1-TNN-XXL ACh-neurcfluo-
cytes and HEK293 cells stably expressing TN-XXL and
mCherry. Testing also verified that electrical stimulation of
the NBM elicits a FRET response only in MI-expressing
cells, buf not in control cells that express mCherry.

A clonal line of neurofluocytes is being created for seroto-
nin (5-HT-neurofluocytes) to stably express the 5-HT3A
receptor and the calcium reporter TN-XXL. By co-injecting
5-HT- and ACh-neurofluccytes, simultancous measurement
of serotonin and acetylcholine in the cerebmal cortex of anes-
thetized rats can be demonstrated. In addition, lines of fibro-
blast-based ACh- and glutamate neurofluocytes can be cre-
ated for long term implantation and recording in rat cortex.

The inventive method has several major advantages over
existing art, including 1) better temporal resolution than con-
ventional microdialysis/HPLC techniques by one to two
orders of magnitude; 2) increased sensitivity compared to all
other methods, capable of detecting single-trial output of
cortical acetylcholine with good signal-to-noise ratio without
addition of acetylcholinesterase inhibitors, a level of sensi-
tivity never reaclied until now in vivo; 3) higher specificity
than in vivo electrochemical methods—the inventive sensors
are virtually msensitive to precursors or metabolites of the
neuroactive substance they are designed to detect; 4) simul-
tanecus detection of multiple compounds—many types of
neuroiransmitters or neuromodulators can be released syn-
chronously at the same location. Because these compounds
are often chemically unrelated, simultaneous detection using
conveniional methods remains difficult; 5) versatility—many
biochemical substances present in tissue at low nanomelar
concenirations, such as neuropeptides, are difficult to monitor
in vivo by current methods due to lack of a specific and
sensitive detection assay. In contrast, by using cloned cDNAs
coding for neurotransmiiter or nevromodulator receptors as
primary sensors, the inventive method can be rapidly adapted
to design, test, implant and record probes for a wide variety of
biochemical substances using the same methodology.
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SEQUENCE LISTING

<1i60> NUMBER OF SEQ ID NOS: 2
«210>
<21l
<212>
<213>
<221>
<223

SEQ ID RO 1

LENGTH: 1383

TYPE: DNA

ORGANISM: Rattus norvegicus
NAME/KEY: gene

OTHER INFORMATION: GenBank Accession No. NM_080773; Unigene:

Rn.119355 cholinergic receptor, muscarinic i (Chrml), mRNA

<400> SEQUENCE: 1

atgaacacet cagtgecoce tgetgtcagt cecaacatea ctgtettgge accaggaaag

ggtccetgge aggtygygectt categggatc accacaggec tectgtetet agetacagtd
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-continued
acaggcaace tactggtact catctoctbtc aaggtcaaca ccgagcotcaa gacagtcaac 1a¢
aactactteg tgotgagect ggoctgtget gacctcatea ttggcacctt ctocatgaac 240
ctectatacca cghacetger catgggecac tgggeototyy geacactgge ctgtgaccere 300
tggctggece tggactatgt ggocagcaac gectctgtca tgaatettet getcatcagce 360
tttgacegtt actteoteggt gacccgacec ctgagotact gagccaagey cactoccega 420

agggcagete tgatgattgg cctagcatgg ctggtttect togttototy ggocccagoec 480

atcctcttcot gygcaatacct agttggggag cggacagtge tggctgggea gtgctacatce 540
cagttcetet ccocaacocat ¢atcacttit ggoacageca tggecgocott ctacctoccot 600
gtcacggtea tgtgtacact gtactggcgc atctaccgyy agacagaaaa cogageoegy 660

gagetggeocg coctgeaggg ctetgagaca ccaggcaaag gtggtggcag cagcagcage 720

tcagagaggt cacagccagg ggcetgaagge tcaccogagh cgegtecagg ccgetgcotge 780

cgetgthgee gggeacccoag gcetectgeoag goctacaget ggaaggaaga agaagaggag 840

gatgaaggct ccatggagtc cctcacatee toegaaggtg aggageotgg ctoagaadrty 900

gtgatcaaga tgcccatyggti agattctgaa gcacaggeac ccaccaagea goctccocaaa 860

agotecccaa atacagtcaa gaggoccacc aagaaaggoec gagaccgagg cgdcaaggge 1020

¢aaaa’kccco gagggaagga acagetggec aagagaaaga ¢CLTCLcact ggteaaggag 1080

aagaaggecag ctcggaccest gagtgocatc ctgotggect teatccteac ctggacacca 1140

tataacatca tggtgctggt atctaccttc tgcaaggact gtgttectga aaccetgtgg 1290

gagetgyyget actggetatg ctacgtcaac agcactgtea accccatgtg ctatgeactg 1260

tgcaacaaag ccttecgugga cacgticcgc ctgetgetge tcotgocgetg ggacaagagy 1320

cgetggegea agatcecocaa geogeootgge totglgeadc goaccoocte cegecaatge 1380

taa 1383

<210> SEQ ID NO 2

<211> LENGTH: 2001

<212> TYPE: DNA

<213> ORGANISM: Rattus norvegicus

<221> HAME/KEY: gene

<223> OTHER INFORMATION: GenBank Acceesion No.
NM_024394;5-hydroxytryptamine {(perctonin) receptor 3a {Htr3a},

mRYA .

<400> SEQUENCE: 2

aageagecty coetygggacat gaggttggca gogggtgtge aggetggeag tobggggygac 60
tcatectgag tggetgotoc gagygeedies cacatcoggg aagettgcca tgoogotcotg 120
catceoogeag gtgetgttgg cottgtitocst ttecgtgcetg atageccagg gagaaggeag 180
ccggaggagy gocacccagg cocacageae cacccagect gotetgatga ggetgrocaga 240
tcacctcctg gctaactaca agaagggagt geggectgtg cgggactgga ggaagoccac 300
coctggtetee attgatgtca tcatgtatge catcctcaac gtggatgaga agaaccaggt 360
tectgaccace tacatatggt acocggeagtlt ctggaccgac gagtttotac agtggactec 420
tgaggactte gacaatgtca ccaaattgbe catccccacce gacagoatet gggtooctga 4B0
catcetcate aatgagtttg taggacgtggg gaagtcteoca ageatrocett atgtgtatgt 540
geacecatcaa ggtgaagteo agaactacaa geogoctacag ctggtbgaccg catgtagect 600
tgacatctat aacttcoogt tegatbgigea gaactdetet ctgacctbca coagetyget 660

geataccate caggacatca acatttecct gtggegaaca ccagaagaag tgaggtegga 720
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-continued
caagageoate tteataaate agggegagty ggagotyety gaggtgtbea ccaaatttca 180
ggagttcagt atagaaacca gtaacagcta tgcggaaatg aagbtcotacg tggteatceg 840
ccggeggect ttattetacg cagtcagcet cttgctgeoc agtatctbce teatggtegt 908
ggacattgbyg ggettttgte tgccccegga cagtggtgag agagtgtoth tcaagatcac 96¢
gerectictg ggatactcag totbtotecat categigica gacacactge ctgoaacgge 102¢
catcggeact ceccteattg gbgbctactt tgtagtgtge atggetctge tgghtgataag 1080
cotogetgay accatettea ttgtygcaget ggtgeataag caggatttac agegocetgt 1140
acetgactgy cLygaggeace tggicctaga cagaatages tggotgetet goctagggga 1200
geageecatyg geceatagge ceccagocac ctiocaagee aacaagactg atgactgete 126¢
agecatggga aaccacktycoa geocatgtogg aagocctcag gacttggaga agacctegag 1328
gagcagagat agcectette caccaccaag ggaggectcg ctggeotgtge gtggoctett 1380
gcaagagetg tectecatee gecacteoct ggagaagegdg gatgagatge ggsagghgge 1440
aagggactgy ttygoegaygrygg gatatgigot ggacaggerg ctgttbegea totacetger 1500
ggcegtgety gebtacagea teaccotggh cacgobetgg teoeatbtggo attattectg 1560
agtgggtaca gcoctggeagy gaggggatgt gagtectgca tectgttteoc aacaccaatt 1620
catctgagca accecagtee ceottgtecco taaacttage actgaagace cggtoagacc 1680
coccgactte getatcatyg ctttaaagea tgatatocta gatcaagagg aaccaagact 1740
cctetaactt atfaagacat caagecctgyg ttectittoe agtactteoty tgattatgge 1800
ccttgggatyg getcatttce acagtttbit tttcocttttt gatcagagga aagcaaattc 1860
tcttgoctag gtgoctgaga cgtotgtgee tgttttatce aggccocagt ggettettet 1820
teageteast tgtggghact teocctagege teagectoat caaccaacgg ggggagggga 1980
taataaaatg ctatgatate ¢ 200%

The invention claimed is:

1. A method for measuring biochemical signzling mol-
ecules in vivo, comprising:

contransfecting neurofluocytes with cDNAs of a mem-

brane receptor and a fluorophore to produce cotrans-
feeted neurofluocytes, wherein the cotransfected neu-
roffuocytes emit an optical signal in response to
detection of at least one target biochemical signaiing
molecule, and wherein the signaling molecule induces
an intracellular change in an optical signal within the
neurofluocytes;

implanting the neurofluccytes iato live tissue; and

monitoring the optical signal from the neurofluocytes

using a microscope adapted for deep tissue imaging.

2. The method of ciaim 1, wherein the cotransfected neu-
rofliocytes are produced from Human Embryonic Kidney
cells,

3. The method of claim 1, wherein the neurofluccytes are
selected from the group consisting of primary and immortal-
ized fibroblasis, glial cells, peripheral neurai tissue, and
tumor-derived cells, or autologous cefls created from
Schwann cells, endothelial cells and astracytes.

4. The method of claim 1, wherein the nenrofluocytes are
skin fibroblasts.

5. The method of claim 1, wherein the live tissue is an
animal brain and the step of monitering comprises:

performing a craniotomy to expose the animal brain; and

immaobilizing the animal;
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wherein the microscope is a two-photon laser scanning
micrescope.

6. The method of claim 1, wherein the optical sigaal is
generated by a FRET-based biosensar.

7. The method of ¢laim 1, wherein the optical signal is
generated by a fluorescent organic dye.

8. The method of claim 1, wherein the optical signal is
generated by an optical reporter protein.

9, The method of claim 1, wherein a plurality of target
biochemical signaling molecules are detected by producing a
plurality of different neurofiuocytes, each comprising fiuoro-
phores that emit different optical signals for each different
target biochemical signaling molecule.

10. The method of claim 9, wherein the different optical
signals are detected simultaneously.

11. A method for measuring nevrotransmitters in vivo,
comprising: producing neurofluocytes by co-transfecting
host cells with ¢cDNAs of a membrane receptor of a neu-
mtransmitter and a tag that emits an intraceflular optically-
detectable signa] in the presence of the signaling molecules;
implanting the neurofluccytes into a brain of a live animal;
monitoring the optically-detectable signal using a micro-
scope adapted for deep tissue imaging,

12.The method of claim 11, wherein the step of monitoring
comprises:

performing a craniotomy to expose the animal brain; and

immobilizing the animal;
wherein the microscope is a two-photon laser scanaing
microscope.
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13. The method of claim 11, wherein the neurofiuocytes are
produced from Human Embryonic Kidney cells.

14. The method of ¢laim 11, wherein the neurofluocytes are
setected from the group consisting of primary and immortal-
ized fibroblasts, glial cells, peripheral neural tissue, and
tumor-derived cells, or autologous cells created {rom
Schwann cells, endothelial cells and astrocytes.

15, The method of claim 11, wherein the neurofluocytes are
skin fibroblasts,

16. The method of claim 11, wherein the optical signal is
generated by a FRET-based biosensor.

17. The method of claim 11, wherein the optical signal is
generated by a fluorescent organic dye.

18. The method of claim 11, wherein the optical signal is
genetated by an optical reporter protein.

19, The method of claim 11, wherein a plurality of target
bicchemical signaling molecule are detected by preducing a
pluality of different neurofluocytes, each comprising fluo-
phors that emit different optical signals for each different
target biechemical signaling molecule.

20. The method of claim 19, wherein the different optical
signals are detected simultancously.
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