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Interaction of Isoflurane with the Dopamine Transporter
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Background: Isoflurane administration is known to increase
extracellular dopamine (DA) concentration. Because the dopa-
mine transporter (DAT) is a key regulator of DA, it is likely
affected by isoflurane. This study investigates the hypothesis
that isoflurane inhibits DA reuptake by causing DAT to be traf-
ficked into the cell.

Methods: Rhesus monkeys were scanned with positron emis-
sion tomography (PET) using [18F]FECNT (a highly specific DAT
ligand) while anesthetized with 1% isoflurane. The isoflurane
was increased to 2%, and the animals were rescanned. Uptake
was analyzed with the tissue reference method using the cere-
bellum as the reference tissue to determine the binding poten-
tial in the putamen. Immunohistochemistry and Western blot
analyses were performed in vivo in rats to determine if isoflurane
administration would change the total amount of DAT. Rats
breathed air plus 2% isoflurane for 30 min, and then striatal DAT
assays were rapidly performed. In vitro immunocytochemistry
experiments were performed using human embryonic kidney
(HEK) cells stably transfected with human DAT. The cells were
exposed to 4% isoflurane for 1 h while the location of DAT was
observed with fluorescent confocal microscopy.

Results: The [18F]FECNT binding potential in rhesus monkeys
decreased by 63 � 6% (SEM, n � 5) when isoflurane was in-
creased from 1 to 2% as compared with no significant change
(0.7 � 2.5%; SEM, n � 5) when the isoflurane concentration was
not changed (P < 0.001). No difference in DAT staining between
isoflurane-treated and control rats was apparent from visual
inspection, and quantitative Western blot analyses showed no
significant change in total DAT protein. After isoflurane treat-
ment, focal puncta of intense fluorescence was visible inside
the HEK cells.

Conclusions: The in vitro experiments indicate that DAT is
trafficked into the cell by isoflurane without changing the total
amount of DAT in the striatum. The PET data are consistent with
this finding, provided that intracellular DAT acquires a confor-
mation that has low affinity for [18F]FECNT. Thus, [18F]FECNT
appears to be an excellent agent for measuring plasma mem-
brane-expressed DAT and evaluating DAT trafficking in vivo.

SEVERAL anesthetic drugs are known to reduce inward
ionic currents in the squid giant axon.1 Ether and me-
thoxyflurane depress the sensitivity of postsynaptic
membranes to the released transmitter.2,3 Considerable
interest and effort has been invested in understanding
the postsynaptic effects of anesthetic drugs,4,5 but evi-

dence also suggests that presynaptic interactions are
important targets for anesthetics. Zuo6 has shown that
isoflurane enhances glutamate uptake, which can be
inhibited by a specific glutamate transporter inhibitor.
Schlame7 has proposed that inhibition of glutamate re-
lease from presynaptic nerve terminals is a potential
mechanism of anesthetic action. This work is an inves-
tigation into the effect of isoflurane on presynaptic do-
pamine terminals (DAT).

Extracellular dopamine concentration increases during
volatile anesthetic administration.8–11 Two possible
mechanisms for the increase are direct competition for
the transporter and an indirect route that causes traffick-
ing of DAT into the cytoplasm. Given that the presynap-
tic DAT is a key regulator of synaptic dopamine concen-
tration,12 both mechanisms would increase extracellular
dopamine by hindering recycling of dopamine into the
cytoplasm. Here we investigate the interaction between
the volatile anesthetic isoflurane and DAT using in vivo
and in vitro approaches in rhesus monkeys, rats, and
stably transfected cells.

In vivo positron emission tomography (PET) was per-
formed in rhesus monkeys with [18F]FECNT, a cocaine
analog that binds with high specificity to the DAT.
[18F]FECNT has been used before to determine the DAT
occupancy of multiple doses of injected cocaine.13 Here
it is used to determine the DAT binding potential during
two levels of isoflurane anesthesia. Expecting to find a
change, in vitro studies were performed in rats to de-
termine if the total amount of DAT protein is changed by
isoflurane administration. Finally, human embryonic kid-
ney (HEK) cells stably transfected with human DAT were
imaged with confocal microscopy to determine if the
presence of isoflurane causes DAT to be trafficked from
the plasma membrane into the cell. The combined re-
sults of these studies should give insight into the condi-
tions that increase extracellular dopamine concentration
during isoflurane administration.

Methods

Animals
The Emory University Institutional Animal Care and Use

Committee approved all animal studies. Rhesus experi-
ments used five female monkeys ranging in weight from
4 to 7 kg. These animals are housed in the department of
animal resources in a cohort of approximately 10 animals.
When studied, they were initially hypnotized with an
intramuscular injection of ketamine, 8–10 mg/kg, and
atropine, 0.01 mg/kg. The ketamine was administered at
least 2 h before beginning the first PET scan. Shortly
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after, the animal was brought into the PET scanner suite,
an endotracheal tube was placed, and the animal was
mechanically ventilated with oxygen and 1% isoflurane
(end-tidal concentration). For half of the experiments,
the anesthetic concentration was increased to 2% after
the first scan and before the second scan. These two
levels were chosen because 1% is approximately the
minimum concentration that can be used to keep the
animal motionless during the 90-min scanning session,
and 2% is near the maximum that can safely be used
without administering other, confounding drugs. A pe-
ripheral intravenous catheter was inserted for injection
of the radiotracer. We also measured core body temper-
ature, electrocardiogram, and end-tidal respiratory gas
concentrations (Datex-Ohmeda, Madison, WI). Rodent
studies used male Sprague-Dawley rats (weight, 250–
300 g). Handling of the rats was specific to the different
experiments and is described below.

[18F]FECNT Synthesis
[18F]FECNT was prepared by a two-step reaction se-

quence as previously described.14 Briefly, alkylation of
1-[18F]fluoro-2-tosyloxyethane with 2�-carbomethoxy-3�-
(4-chlorophenyl)nortropane in dimethyl formamide at
135°C for 45 min affords [18F]FECNT, which is purified by
semi-prep, reverse-phase high-performance liquid chroma-
tography (HPLC) to produce a product free from the pre-
cursor, 2�-carbomethoxy-3�-(4-chlorophenyl)nortropane
with specific activity 56 MBq/nmole (1.5 Ci/�mole).
[18F]FECNT is at or near quasiequilibrium 30 min after
injection and is rapidly displaced by �-CIT.15

Positron Emission Tomography Scanning
The pet studies used a within-animal experimental

design that allows each animal to act as his or her own
control. The animals were initially imaged, and then the
anesthetic conditions were changed (or not), and the
animal was rescanned. Efforts were taken to ensure that
the animal was stable before the second scan, but other-
wise the time between scans was minimized. [18F]FECNT
binding potential was determined from the pet data. Stud-
ies where the conditions were not changed acted as the
null control. The parameter of interest was the fractional
change in the binding potential caused by increasing the
anesthetic concentration.

All studies were collected on a Siemens 951 (Hoffman
Estates, IL) scanner. After positioning the monkey in the
scanner, the head was immobilized using a thermoplastic
(Tru Scan, Annapolis, MD) face mask. Transmission scan-
ning was performed with 68Ge ring sources. [18F]FECNT
was injected as a slow bolus for 5 min with an infusion
pump. Scanning started coincident with the start of injec-
tion. The acquisition sequence was 28 frames long, starting
with 30-s scans and ending with 20-min scans for a total
duration of 90 min. (The exact sequence of number of
frames, time per frame in seconds was 10, 30; 5, 60; 5,

180; 5, 600; 1, 900.) At the end of the first scanning
sequence, the isoflurane concentration was either left
the same (to determine the test–retest variability) or
increased to 2%. After a 1-h delay, PET images were again
acquired with the same sequence except it included a
10-min scan immediately before the [18F]FECNT injec-
tion to measure background activity remaining from the
first injection.

Images from the 951 scanner were reconstructed with
measured attenuation correction, zoom factor 8, and
Shepp-Logan reconstruction filler cutoff at 1 cycle/cm. This
produced images with in-plane pixel size of 1.17 mm,
8 mm isotropic resolution, and axial slice thickness of
3.375 mm. At the early and late time points, the cerebellum
and striatum are easily discerned in the PET images. Re-
gions of interest were manually drawn over appropriate
images and then overlaid on all images to obtain the time–
activity curves (TACs) used in kinetic modeling.

Kinetic Modeling: DAT Availability
The reference tissue method16 allows kinetic modeling

to be performed without collecting arterial blood sam-
ples. Parameters that govern the uptake of radiotracer in
the putamen, such as the binding potential, can be deter-
mined using data from a region devoid of specific uptake.
Usually, there is no radioactivity in the subject before in-
jection of the radiotracer. However, in this application, the
analysis of data from the second scan must account for
radioactivity remaining from the first injection. A generali-
zation of the method,13 which yields binding potential
estimates that are independent of initial radioactivity, was
used without modification as has been done before.17

The 10-min scan before the second [18F]FECNT injec-
tion was used to determine residual radioactivity. The
generalized reference tissue method describes the puta-
men uptake curve with four parameters and the TAC
from the cerebellum. The parameters are R, the ratio of
the rates that [18F]FECNT crosses the blood–brain bar-
rier in the putamen and cerebellum (flow times extrac-
tion in the putamen divided by the flow times extraction
in the cerebellum); k2, the rate that the tracer leaves the
extracellular compartment for the plasma (equal to flow
divided by the distribution volume of nonspecifically
bound tracer18); k3, konBmax because this is a tracer
experiment;19 and k4, the dissociation rate of radiotracer
from the transporter. Here we have made the same
assumption as Lammertsma,16 that the distribution vol-
ume of nonspecifically bound tracer is the same in the
putamen and cerebellum. The binding potential is iden-
tified as the ratio k3/k4,19 which is equal to Bmax/kD. The
kinetic analysis routine adjusts the four parameters until
the calculated putamen curve matches the measured data
as closely as possible. This calculated curve and the asso-
ciated parameters are termed the best-fit values for the data
and are presented in the figures and tables below.
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Immunohistochemistry
Fifteen rats were studied, with 7 animals used as con-

trols. The animals were placed in a clear plastic box that
contained an evaporative source of isoflurane, oxygen,
and air inlets, and an exhaust port. The concentration of
isoflurane was adjusted to 2% by changing the volume of
air flowing through the box. The concentrations of the
gases in the box were monitored using a gas concentra-
tion analyzer (Datex-Omeda, Madison, WI). The animals
were maintained under these conditions for 30 min,
after which they were rapidly decapitated, and the stri-
atum was harvested. The control animals were placed in
an identical setup except they never received isoflurane.
Because we hypothesized that anesthetics affect DAT,
the control animals were decapitated while awake and
breathing room air.

Brain tissue sections of the striatum were prepared and
processed using immunohistochemical methods previ-
ously described.20 Brain slices were prepared with a
freezing microtome and then rinsed in 0.1 M phosphate
buffered solution (PBS), 5 � 5 min at 4°C, and TBS, 3 �
5 min. Avidin binding sites in the tissue were preblocked
by incubation with avidin (10 �g/ml), normal goat serum
(NGS; 4%), and triton-X (0.1%) in TBS for 45 min at 4°C
followed by three rinses in TBS. The primary antibody
(1° Ab) was added to a buffer of 50 �g/ml biotin and 2%
NGS in TBS and incubated 48 h at 4°C. After rinsing in
TBS four times, the secondary antibody (biotinylated
goat antirabbit or mouse immunoglobulin [Ig]) was in-
cubated for 1 h at 4°C. After additional rinses, the sec-
tions were developed using diaminobenzidine as de-
scribed previously.20 Sections were then slide-mounted
and cover-slipped for microscopic analysis.

Immunoblot Analysis
Eleven rats were studied, with 5 animals used as con-

trols. The animals were placed in the same clear plastic
box used for the immunohistochemistry experiments.
The concentration of isoflurane in the box was main-
tained at 2%. The animals were maintained under these
conditions for 30 min, after which they were rapidly
decapitated, and the striatum was harvested. The control
animals were treated the same except they never re-
ceived isoflurane and were decapitated while awake and
breathing room air.

After the brains were harvested, tissue was homoge-
nized in the presence of protease inhibitors as previously
described.21 Ten micrograms of protein from each sam-
ple was prepared in Laemmli sample buffer containing
2% sodium dodecyl sulfate, separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 12% acryl-
amide gels, and electrophoretically transferred to poly-
vinylidene difluoride membranes. Membranes were
probed with rat anti-DAT monoclonal antibody (N-termi-
nus epitope; Chemicon, 1:500) and rabbit anti–mitogen-
activated protein kinase (MAPK; 1:5,000). The MAPK42

immunoreactivity was used as an internal loading con-
trol. Blots were then washed and incubated with a horse-
radish peroxidase–conjugated goat antirabbit secondary
antibody (1:10,000) for 1 h at room temperature. Blots
were visualized with enhanced chemiluminescence
(ECL or ECL�).

Western blot analyses were quantified using ECL�
chemifluorescence and Image Quant software (Kodak
Scientific Imaging Systems, Eastman Kodak Company,
Hemel Hempstead, UK) as described previously.20 Band
intensities were calculated, and background was sub-
tracted using local averages. Band intensities were con-
verted to microgram equivalents using a standard curve
consisting of known amounts of protein loaded on each
gel. Values were normalized for variation in protein
loading based on levels of MAPK immunoreactivity. All
conditions were analyzed in triplicate, and experiments
were each repeated at least twice.

Immunocytochemistry
Human DAT-expressing HEK (DAT-HEK) cells stably

expressing human DAT cDNA22 were grown on cham-
ber slides (5 � 104 cells per slide). Cells were treated
either with 4–6% isoflurane or mock treated for 1 h in a
37°C incubator. This concentration was chosen from
preliminary studies. Greater concentrations kill the cells,
whereas lesser concentrations minimize the effect. The
concentration of isoflurane, O2, and CO2 were moni-
tored with a gas analyzer (Datex-Omeda, Madison, WI).
The cells were quickly washed with ice-cold PBS and
then fixed with 3% paraformaldehyde for 10 min on ice.
They were then washed with PBST (PBS � 0.1% Tween).
DAT were labeled by incubation with a 1:2,000 dilution
of rat monoclonal anti-DAT antibody for 10 h at 4°C. The
specificity and characterization of the antibody have
been described.20 The cells were then washed with
PBST and incubated with a 1:100 dilution of fluorescein
isothiocyanate (FITC)-labeled goat antimouse IgG for 4 h
at 4°C. After a final wash with PBST, the slides were
mounted with cover slips and subjected to examination
with immunofluorescent confocal microscopy (Zeiss
LSM510, Thornwood, NY). The experiment was per-
formed three times.

Statistics
Positron Emission Tomography Scanning. All PET

data results were expressed as the percent change be-
tween the first and second scans. Standard tests were
performed to verify normalcy and equal variance of the
data. Then, statistically significant differences in the per-
centage change in binding potential between the test–
retest group and the low–high isoflurane treated group
was determined by unpaired t tests. A difference was
considered significant when P � 0.05.

Immunohistochemistry. Three blinded reviewers
were asked to rank the slides in order of DAT staining
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intensity. After this exercise, it was clear that none of the
reviewers could distinguish between the different treat-
ments, and no further statistical analyses were performed.

Immunoblot Analysis. Normalized band intensities
from separate blots of the same experiment were aver-
aged. Two-factor (treatment condition and replicate) anal-
ysis of variance was used to determine if the treatment had
a significant (P � 0.05) effect on the striatal samples be-
tween the isoflurane-treated and nontreated rats.

Immunocytochemistry. To determine if isoflurane
had an effect on cell surface distribution of transporter
protein, 39 0.9-�m thick images through the center of
randomly chosen cells from both conditions in each of
the experiments (19 control and 20 isoflurane-treated
cell images) were shown to four blinded reviewers. The
reviewers were asked to sort the images into two groups
based on the distribution of DAT. They were specifically
told not to pay attention to differences in DAT staining
intensity. They were not told how many cells were in
each group. To address the primary research question,
we compared the proportion of control images and the
proportion of isoflurane-treated images that were identi-
fied as having DAT immunoreactivity concentrated in
the cytoplasm. For each reviewer, we estimated the
difference between these proportions and computed a
95% confidence interval to determine whether the dif-
ference was statistically significant. The power of each
test was � 0.82, assuming that the true proportions of
cells in the control and isoflurane populations that have
DAT immunoreactivity concentrated in the cytoplasm
are 0.15 and 0.65, respectively.23

Results

Rhesus [18F]FECNT Uptake
Table 1 shows hemodynamic parameters for the rhe-

sus monkeys during the 10 scanning sessions. Figure 1
shows PET images from a typical animal during 1% and

2% isoflurane anesthesia 82.5 min after [18F]FECNT in-
jection. During light anesthesia, the uptake in the puta-
men is approximately sixfold greater than in the cere-
bellum. Uptake in the rest of the brain is similar to that
in the cerebellum. During deep anesthesia, uptake in the
putamen is reduced to only a factor of three greater than
the cerebellum, whereas the cerebellum and remainder
of the brain are relatively unchanged.

Table 1. Hemodynamics during Positron Emission Tomography Imaging Acquisition

Experiment

Scan 1* Scan 2*

Isoflurane
Concentration

ETco2,
mmHg

HR,
beats/min

SP,
mmHg

DP,
mmHg

Isoflurane
Concentration

ETco2,
mmHg

HR,
beats/min

SP,
mmHg

DP,
mmHg

1 Low 33 100 100 55 Low 31 85 80 50
2 Low 31 110 85 60 Low 28 70 80 50
3 Low 31 100 85 50 Low 39 120 75 40
4 Low 33 100 90 60 Low 29 90 80 60
5 Low 38 100 85 50 Low 28 100 80 45
6 Low 40 100 90 55 High 39 100 UPM UPM
7 Low 38 110 85 54 High 46 100 UPM UPM
8 Low 40 110 92 56 High 39 110 UPM UPM
9 Low 39 110 90 55 High 40 110 UPM UPM

10 Low 40 95 85 55 High 42 113 UPM UPM

*Oxygen saturation measured by pulse oximetry greater than 95% during scanning for all monkeys.

DP � diastolic pressure; ETco2� end-tidal carbon dioxide; High � 2–2.5%; HR � heart rate; Low � 0.8–1.3%; SP � systolic pressure; UPM � unreliable
pressure measurement with noninvasive monitoring device.

Fig. 1. Positron emission tomography (PET) images 82.5 min
after injection of 2.5 mCi of [18F]FECNT into an anesthetized
rhesus monkey. The two rows are corresponding images from
the same monkey during 1% isoflurane (top) or 2% isoflurane
(bottom). Comparing the two rows, note that the background is
similar or slightly greater during 2% isoflurane, but the puta-
men is much greater during 1% isoflurane. The putamen-to-
cerebellum ratios are approximately 6 and 4.5 during 1% and
2% isoflurane studies, respectively.
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Ten experiments were performed on 5 animals to
determine the sensitivity and variation in the two
[18F]FECNT injection protocol. The injections were sep-
arated by only 2.5 h, so residual activity from the first
injection or the duration of anesthesia might confound
the second acquisition. To account for these possibili-
ties, test–retest experiments were performed. Uptake in
the putamen and cerebellum is shown in figure 2 as a
function of time for a typical test–retest experiment.
Note the similar shape of the curves except the retest
curve is displaced upward as a result of activity remain-
ing from the first injection. The lines under the putamen
data are reference tissue model fits using the shown
corresponding cerebellum as the input function. The
binding potential is 7.7% lower for the retest experi-
ment. This particular experiment shows the greatest
decrease between test and retest. The greatest increase
was 6.2%. When all test–retest experiments are com-
bined, the retest binding potential is decreased by 0.7 �
2.5% (SEM).

To determine if isoflurane affects [18F]FECNT binding,
the dual injection experiments were repeated except
the anesthetic concentration was increased to 2% before
the second injection, and figure 3 shows a typical set of
TACs. In all experiments, the uptake was greater and the
washout faster for the high anesthetic level acquisition.
Note that at quasiequilibrium (65–85 min; fig. 3) the
putamen-to-cerebellum ratio for the low anesthetic state
(solid symbols) is much greater than the high anesthetic
state (open symbols). On average, the binding potential
is decreased by 63 � 6% (SEM) during high anesthesia.

Increasing the anesthetic level dramatically decreases
the binding potential compared with the control retest
experiment. Across all animals, 63% of the unbound
transporters in the low anesthetic state are either occu-
pied or altered in a way that prevents [18F]FECNT bind-

ing in the high anesthetic state. The difference is signif-
icant at P � 0.001.

Rodent Studies
The reduction in [18F]FECNT binding potential seen in

the rhesus studies during isoflurane exposure could be
explained by the anesthetic causing acute degradation of
the DAT. To determine if this happens, immunohisto-
chemistry experiments were performed to measure the
amount of DAT protein in the striatum of control and
isoflurane-treated rats. Figure 4 shows a typical section
through the striatum of a control rat. Staining for DAT in
rat striatum under standard conditions was of moderate
to high intensity. There was no qualitative difference
observed in the density of striatal staining between the
isoflurane and control animals. The resolution of these
images was not sufficient to determine if the distribution
of DAT changed as a result of isoflurane treatment.

Fig. 2. Test (solid symbols)–retest (open symbols) [18F]FECNT
uptake in a rhesus monkey during isoflurane anesthesia (end-
tidal concentration � 1.1%). The dashed line connecting the
cerebellar data is only to guide the eye. The solid lines under the
putamen data are the reference tissue model results using
the cerebellum as the reference region. Binding potentials de-
termined from the model are 4.40 and 4.06 for the test and
retest curves.

Fig. 3. [18F]FECNT uptake in a rhesus monkey during low (solid
symbols) and then high (open symbols) isoflurane anesthesia.
Typical of these experiments, the uptake is greater and washout
faster for the high anesthetic state. The dashed lines connecting
the cerebellar data (squares) are only to guide the eye. The solid
lines under the putamen data (circles) are the reference tissue
model results using the cerebellum as the reference region.
Binding potentials determined from the model are 1.78 and 0.32
for the low and high anesthetic levels, respectively.

Fig. 4. Immunohistochemical staining of striatum from a con-
trol rat. The large white shapes are Wilson pencils. All intact
DAT (membrane expressed and cytoplasmic) is stained.
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To determine quantitatively if isoflurane degrades
DAT, immunoblot studies were performed on rat brain
samples. The rats were prepared using the same proto-
col as in the immunohistochemical staining experi-
ments. Western blot analyses using monoclonal antibody
DAT revealed no differences in DAT expression between
the control and isoflurane-treated rat brain samples. An
immunoreactive band at approximately 85 kd was ob-
served at high levels in the brains of control and treated
animals (fig. 5). No other bands were detected in any of
the lanes. After normalizing to MAPK42 protein, the
mean value for total DAT expression across all experi-
ments was control � 7.5 � 1.6 and isoflurane � 7.8 �
2.6 (not significantly different).

Cellular Studies
Based on the rodent studies, it does not appear that

isoflurane causes a degradation of DAT that could ex-
plain the rhesus PET results. A change in DAT cellular
distribution could explain the reduction in binding if the
affinity of [18F]FECNT for the DAT also changes with the
distribution. To determine if isoflurane causes trafficking
of DAT, immunocytochemistry experiments were per-
formed on HEK cells stably transfected with human
DAT. DAT distribution was compared in control cells
and in cells that were incubated in isoflurane for 60 min
using fluorescent antibody labeling and confocal micros-
copy. Examples of cells seen with the confocal micro-
scope are shown in figure 6.

The DAT immunoreactivity was concentrated in the
cytoplasm in cells treated with isoflurane. Aggregation of
immunoreactivity created a distinct band within the
isoflurane-treated cells, as well as a distinct demarcation
of the cell nucleus. Also, there were puncta of very focal
and intense immunoreactivity in the isoflurane-treated
cells but not in the control cells. For each reviewer,
there was a statistically significant difference between
the proportion of control cells and the proportion of
isoflurane-treated cells that had DAT highly concentrated
in the cytoplasm. Table 2 provides estimated differences
between the proportions of isoflurane-treated cells and
the proportions of control cells with DAT immunoreac-
tivity concentrated in the cytoplasm. These differences
ranged from 0.64 to 0.79 (a difference of 0 corresponds
to no effect). All of the 95% confidence intervals ex-
cluded 0, providing strong statistical evidence that isoflu-
rane exposure had a significant effect on the distribution
of DAT in the cells (� � 0.05). When questioned, all four
reviewers said the distinguishing characteristic between
the groups was the presence or absence of puncta of
increased immunoreactivity.

Fig. 5. Western blot analysis of rat cerebral tissue during control
conditions and after exposure to isoflurane. The mitogen-acti-
vated protein kinase (MAPK)42 band was used to normalize to
total protein loading in the lane.

Fig. 6. Typical confocal microscopic images (0.9 �m thick) of
human embryonic kidney (HEK) cells stably transfected with
human DAT. The cell membranes were permeabilized, and the
DAT was labeled with a fluorescent antibody. In control cells
(left), the DAT is distributed on the cell membrane and in the
cytoplasm. There is slight labeling in the nucleus. In the 4%
isoflurane cells (right), the DAT is relocated to the cytoplasm
with focal puncta clearly visible. There is very little labeling in
the nucleus.

Table 2. Point Estimates and 95% Confidence Intervals for the
Effect of Isoflurane on the Distribution of Dopamine
Transporters in Cells

Human Observer p1 p2 D SE(D) 95% CI

1 0.11 0.75 0.64 0.12 (0.46–0.94)*
2 0.16 0.95 0.79 0.10 (0.65–1.04)*
3 0.11 0.80 0.69 0.12 (0.52–0.98)*
4 0.16 0.95 0.79 0.10 (0.65–1.04)*

*Statistical significance at � � 0.05.

D � p2 � p1; p1� proportion of cells in the control group with dopamine
transporter immunoreactivity concentrated in the cytoplasm; p2� proportion
of cells in the isoflurane-treated group with dopamine transporter immunore-
activity concentrated in the cytoplasm.
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Discussion

Volatile anesthetics are known to alter normal dopa-
mine system function. Isoflurane inhibits the uptake of
dopamine in COS cells heterologously expressing the
DAT transporter.24 Microdialysis studies in rats have
shown isoflurane increases extracellular dopamine con-
centration. Isoflurane enhances the inhibitory effect of
cocaine on the dopamine transporter in rhesus mon-
keys.25 To determine if isoflurane alters DAT binding
potential in nonhuman primate brain in vivo, we used
PET radioligand imaging studies with the highly specific
ligand [18F]FECNT in rhesus monkeys. We found that
exposure to a high concentration of isoflurane causes
more than a factor 2 reduction in the binding potential.
Possible reasons for the decrease are isoflurane compet-
itively inhibits [18F]FECNT binding to the DAT, degrades
the DAT, changes the conformation of the DAT (and
hence its affinity for [18F]FECNT), or causes internal
trafficking of the DAT, which changes to a low affinity
conformation in the interior environment of the cell. In
the latter possibility, synaptic dopamine would increase
because of decreased turnover resulting from fewer
transporters available. In this case, the change in binding
potential may be further reduced because of competi-
tion with endogenous dopamine. To determine which (if
any) of these potential mechanisms are in action, exper-
iments were performed on rodents and transfected cells.

Increasing the isoflurane concentration from 1 to 2%
substantially reduced the binding potential of
[18F]FECNT in rhesus monkey striatum. There are sev-
eral other reports of acutely altering the binding poten-
tial of a DAT ligand by manipulating the anesthetic con-
ditions. The anesthetic agent ketamine increases the
binding potential of [11C]�-CFT for the DAT.26 [11C]�-
CFT and [18F]FECNT are tropane analogs and are ex-
pected to measure similar properties of the DAT. The
underlying mechanism for the change in binding poten-
tial induced by these anesthetic agents is likely to be
similar and vital for understanding at least some of their
physiologic effects.

Tsukada et al.25 have studied the effect of isoflurane in
combination with other agents on the binding potential
of [11C]�-CFT. The interaction between isoflurane and
DAT was not the primary purpose of their work, but
from one graph in their article (fig. 4a), it appears that
1.5% isoflurane mixed with 70% nitrous oxide (N2O)
increased the binding potential of [11C]�-CFT by 50%
compared with the awake condition. Tsukada et al. com-
pared awake and 1.5% isoflurane � 70% N2O on separate
days, whereas we compared 1% and 2% isoflurane with
100% O2 on the same day. These are the only differences
noted between our PET studies.

It is not known if N2O or O2 administration alters the
amount of expressed DAT, but N2O increases the
amount of dopamine measured by microdialysis in rats27

and causes increased metabolic breakdown of dopa-
mine.28 Other evidence that indicates N2O may affect
the dopaminergic system is a case report of N2O admin-
istration effectively relieving spastic muscular disor-
ders.29 The other major difference between our study
and Tsukada et al.’s is that they compared awake and
lightly anesthetized conditions, whereas we compared
lightly and deeply anesthetized conditions. It is possible
that the cellular response to isoflurane is biphasic; a
small dose may increase DAT expression, whereas a
larger dose inhibits it. Further studies are needed to
determine if N2O plays a role when measuring the bind-
ing potential of DAT-specific radioligands.

The effects of isoflurane on brain physiology have
been studied. Isoflurane has been shown to cause an
increase in blood flow to the brain via vasodilatation of
the cerebral blood vessels.30 The increased peak uptake
and faster washout during 2% isoflurane scanning (fig. 3)
is consistent with increased blood flow. Note that if this
study were restricted by a flow-dependent tracer, the
binding potential would be higher during the high flow
state, but this is the opposite of what we see.

Isoflurane has been shown to decrease the glucose
metabolic activity of neurons, presumably including do-
paminergic neurons.31 However, it has not been shown
that altering the metabolic rate of a neuron also alters
cell membrane protein expression. Evidence exists that
isoflurane interferes with other monoaminergic systems,
including �-aminobutyric acid (GABA) and glutamate.6,24

Gyulai et al.32 have found that isoflurane increases spe-
cific binding of [11C]flumazenil to the �-aminobutyric
acid receptor type A (GABAA) receptors. They suggest
that a conformational change of the GABA receptor is
involved in the mechanism of action of isoflurane. How-
ever, there is no previous evidence of a direct effect of
isoflurane on the DAT.

Cellular binding experiments were performed to mea-
sure changes in the distribution of the DAT during ex-
posure to isoflurane. The experiments were conducted
in DAT-producing HEK cells, which may respond differ-
ently than endogenous neurons with a normal comple-
ment of genes and machinery for regulating dopamine
transporters. Nonetheless, these cells have been used
many times to evaluate trafficking of monoamine trans-
porters ex vivo.33,34 Using confocal microscopic imag-
ing, we could easily detect a redistribution of the DAT
from the plasma membrane to the cytoplasmic space.
This redistribution was characterized by formation of
multiple puncta of staining throughout the cytoplasm, a
more distinct rim, and a highlighting of the nucleus of
the cells. These changes are consistent with isoflurane-
causing trafficking of the DAT located in the plasma
membrane to the cytoplasm.

The decrease in in vivo [18F]FECNT binding potential
seen here could result from a decrease in apparent DAT
density (caused by isoflurane binding to the DAT) or a
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change in affinity (caused by conformational changes in
the DAT) or a combination of both. The trafficking
mechanism can explain the results, knowing that
[18F]FECNT is able to freely cross the blood–brain bar-
rier and cell membranes because of its lipophilicity, with
the following model. In the different environment inside
the cell, the DAT changes conformation and releases
dopamine and [18F]FECNT. [18F]FECNT only binds with
high affinity to the plasma membrane-expressed DAT,
which results in a decrease in measured binding poten-
tial when DAT is trafficked into the cell. The decrease
may be amplified because of competition with endoge-
nous synaptic dopamine, which increases when the
functional DAT density decreases.

Taken together, the results of the three experiments
support the model of isoflurane causing trafficking of
DAT. The distribution of DAT was seen to change in HEK
cells in the presence of isoflurane (fig. 6), but the total
amount of DAT did not change in vivo in rats (fig. 5).
One drawback of this work is that three different species
were used for the three experiments. However, assum-
ing that the dopamine signaling mechanism in rats, rhe-
sus monkeys, and transfected HEK cells is similar, we
hypothesize the following model. Isoflurane causes traf-
ficking of DAT. The details of the molecular mechanisms
involved are yet to be elucidated. Once inside the cell,
the DAT changes conformation and no longer will bind
[18F]FECNT with high affinity. The immunohistochemis-
try experiments imply that the internalization does not
destroy the DAT. The DAT is available for trafficking
back to the membrane when the cell receives appropri-
ate signals to cause this to happen.
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