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Abstract—[11C]Glycylsarcosine (Gly-Sar) was synthesized as a potential radiotracer to investigate the localization and in vivo func-
tion of the peptide transporter PepT2 in mouse kidney. Its C-11 labeled diketopiperazine derivative, [11C]cyclo(Gly-Sar) [1-methyl-
piperazine-2,5-dione], was also evaluated as a potential tracer. [11C]Gly-Sar exhibited rapid initial uptake into kidneys with slow
clearance from the medulla, consistent with uptake and retention of the radiotracer through the actions of PepT2. In contrast,
the corresponding cyclized dipeptide [11C]cyclo(Gly-Sar) showed rapid clearance and accumulation only in the renal pelvis region.
Involvement of PepT2 in reabsorption and delayed clearance of [11C]Gly-Sar was confirmed using the PepT2 knockout mouse,
where rapid renal elimination of [11C]Gly-Sar and the absence of radioactivity in medulla were observed. This study demonstrates
using in vivo imaging technique that PepT2 is primarily responsible for renal tubular active reabsorption of Gly-Sar, and provides a
new tool for studying tubular peptide reabsorption and clearance.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The peptide transporters PepT1 and PepT2 actively
transport di- and tripeptides including peptidomimetics
across cell membranes in animals, microbes and
plants.1–3 Their capacity to transport a large variety of
drugs, including angiotensin-converting enzyme inhibi-
tors, b-lactam antibiotics and the anti-cancer drug best-
atin (for reviews, see Refs. 3–5) exemplify their
pharmacological importance. PepT1 is a low-affinity/
high-capacity transporter, which is found primarily on
the brush-border membrane of the small intestine, and
to a lesser extent in the proximal tubule of the kidney.6,7

PepT2 is a high-affinity/low-capacity transporter
expressed predominantly in the apical membrane of
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kidney,6,7 but which has also been identified in the lung,
brain, and mammary gland.8–11 Both transporters func-
tion electrogenically, as they are driven electrochemi-
cally via a gradient of protons across the intestinal or
renal brush-border membrane in the lumen-to-cyto-
plasm direction.12 In addition to amino acid transport-
ers, peptide transporters contribute to the homeostasis
of amino acids.13

Expression of PepT2, and to a lesser extent PepT1, in
kidney has raised questions regarding their overall phys-
iological contribution in tubular reabsorption. Whereas
PepT1 was found in segment S1 of the proximal tubule,
PepT2 was localized in segments S2 and S3,6 thus allow-
ing conservation of peptide-bound amino acids through
maximizing reabsorption. In the rat, using radiolabeled
molecular probes and RT-PCR, PepT1-mRNA was
assigned to the cortex region, while PepT2-mRNA was
assigned to the outer stripe of the outer medulla.7 The
significance of PepT2 vis-à-vis peptide uptake in kid-
ney,14 in addition to the choroid plexus,15 was recently
demonstrated in targeted disrupted Pept2 gene in mice.
Both studies reported markedly reduced uptake of
PepT2-substrate peptides.
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Understanding renal reabsorption and carrier-mediated
transport in the small intestine are important issues in
drug delivery and performance. Accurate knowledge of
renal drug clearance mechanisms can be vital for certain
populations, especially when the kidney function is com-
promised.16,17 When drug toxicity is an issue, knowledge
of excretory pathway in the kidney can be beneficial for
tailoring individualized drug therapy: for example, tubu-
lar reabsorption of cephalosporins and penicillin antibi-
otics is offset by their secretion into the tubular lumen.18

Both PepT1 and PepT2 may play a role in the pharma-
cokinetics of b-lactam antibiotics by transporting them
into target cells and promote reabsorption into renal
tubular cells after glomerular filtration.3

In view of the pharmacological importance of peptide
transporters, we have synthesized Gly-Sar labeled with
the positron-emitting radionuclide carbon-11 (t1

2
=

20.4 min) as a potential radiotracer for functional imag-
ing of PepT2 in kidney. Gly-Sar is a hydrolysis-resistant
dipeptide that is frequently used as a model substrate for
PepT1 and PepT2.19,20 To date, however, [11C]Gly-Sar
has not been synthesized. We also examined [11C]-
cyclo(Gly-Sar), its diketopiperazine derivative, as a
potential PET tracer. Transport of cyclic dipeptides
by PepT1 and PepT2 has been controversial.21–23

Our results using Pept2 knockout mice unequivocally
demonstrate that PepT2 is the peptide carrier primarily
responsible for the active renal tubular reabsorption of
[11C]Gly-Sar, but the [11C]cyclo(Gly-Sar) analog was
not recognized by PepT2. [11C]Gly-Sar could have
potential for indirectly probing the pharmacokinetics
of drugs as a function of renal tubular reabsorption,
thus providing biodistribution data in the same animal
over time. Traditionally, pharmacokinetic and pharma-
codynamic studies are obtained in humans from the
concentration of drug in blood or other body fluid.24
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2. Results and discussion

Nonradioactive Gly-Sar 4 is commercially available. An
important issue in choosing a synthetic approach for
preparing the radiolabeled ligand was the ability to sep-
arate Gly-Gly (glycylglycine) from Gly-Sar. Gly-Gly
impedes the uptake of Gly-Sar by PepT2, with apparent
Ki values of 0.091 ± 0.005 (Gly-Gly) and 0.372 ± 0.017
(Gly-Sar) mM.25 Scheme 1 outlines our synthetic
approach to radiolabeled Gly-Sar 4*. The first phase
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Scheme 1. Reagents and conditions: (a) [11]CH3OTf, MeCN/DMSO, �40

(d) HPLC; (e) 2N NaOH, 100 �C, 8 min.
involved preparation of the requisite diketopiperazine
intermediate [11C]cyclo(Gly-Sar) 3*. This was synthe-
sized via intramolecular aminolysis of the ethyl ester
derivative [11C]Sar-Gly—OEt 2*, which was prepared
in situ from commercially available precursor glycylgly-
cinate 1. The standard sample of cyclo(Gly-Sar) 3 was
prepared via intramolecular aminolysis of either Gly-
Sar 4 or Sar-Gly 5 according to known procedures
(Scheme 2). Therefore reaction of 1 with [11C]methyl
triflate yielded radiolabeled 2*, which subsequently
underwent facile intramolecular aminolysis to the
diketopiperazine (DKP) derivative 3* in 6–13% radio-
chemical yield (decay corrected) upon heating in an
aqueous solution of ammonium acetate (25–50 mmol)
for 5 min at 80 �C and in the presence of triethyl amine.
As revealed by HPLC, intramolecular aminolysis pro-
ceeded smoothly with total conversion of 2* and excess
starting material 1 to their corresponding diketopiper-
azines, the [11C]cyclo(Gly-Sar) 3* ([11C]1-methylpiper-
azine-2,5-dione or 1-methyl-2,5-diketopiperazine) and
glycine anhydride (piperazine-2,5-dione or 2,5-diketo-
piperazine), respectively. Small volume of DMSO was
added to the reaction mixture only to prevent possible
charring while evaporating acetonitrile. Its effect on
the course of the reaction was not investigated. However
larger volumes of polar solvents prevented separation of
3* by causing early elution with the solvent front.

Gly-Gly–OH was used as precursor early in the develop-
mental stages to prepare 3* (Scheme 3). Lower radio-
chemical yields were obtained from the reaction with
[11C]methyl iodide at ambient temperature followed by
refluxing in DMF or DMSO for 20–30 min. With
[11C]methyl triflate, small amount of 3* was detected.
Apparently methylation of the carboxylate predomi-
nates from reaction with the more reactive CH3

+ carbo-
cation of [11C]methyl triflate. At room temperature,
[11C]methyl triflate reacted with Gly-Gly and yielded
mainly one product, with retention time comparable to
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ethyl glycylglycinate. Albeit, intramolecular aminolysis
of the resulting methyl ester is unproductive because,
as exemplified in Scheme 3, it can only yield the glycine
anhydride derivative.

Effect of pH, temperature, buffer concentration, and
buffer species on diketopiperazine formation was stud-
ied in detail.26 We found the use of triethylamine essen-
tial for intramolecular aminolysis of 2*, and only a small
amount of cyclo(Gly-Sar) 3* was detected in the absence
of the catalyst. Without the catalyst, aminolysis did not
occur in refluxing acetonitrile, while 3–4% radiochemical
yields of 3* were obtained by refluxing 2* in DMF or
DMSO for prolonged periods, generally 20–30 min.
The importance of amines and alkyl ammonium carb-
oxylates on intramolecular aminolysis of dipeptides
have been described.27,28 It is unclear whether facile for-
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Figure 1. Reverse-phase HPLC profile for hydrolysis of [11C]cyclo(Gly-Sar) 3

HPLC profile of the standard Gly-Sar 4 co-injected with mixture of Sar-Gly 5

in between 2 and 4 min.) Mobile phase used for both QC analysis and stand
mation of cyclo(Gly-Sar) 3* was due to a sort of syner-
getic catalysis between triethylamine and ammonium
acetate.

The second phase in the synthesis involved basic hydro-
lysis of the isolated [11C]cyclo(Gly-Sar) 3*. Refluxing 3*
in aqueous NaOH proceeded with a >99.5% conversion
to the corresponding linear dipeptide(s). The mechanism
for ring-opening of cyclo(Gly-Sar) 3, including other
diketopiperazines, was previously studied in detail and
was reported to yield a mixture of the isomers Gly-Sar
4 and Sar-Gly 5 in a ratio 3.4 to 1.27 Figure 1 illustrates
the HPLC radioactivity chromatogram for the hydroly-
sis reaction and chromatograms of the standards Gly-
Sar 4, Sar-Gly 5, and cyclo(Gly-Sar) 3. The hydrolysis
yielded primarily Gly-Sar 4. The exact composition
could not be determined because it was not possible to
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obtain base-line separation between Gly-Sar 4 and Sar-
Gly 5 with our HPLC system. Careful review of the
hydrolysis mechanism clarifies why formation of Gly-
Sar 4 predominates (Scheme 4). Addition of the hydrox-
ide ion to cyclo(Gly-Sar) 3 is rate controlling.29 Our
MMFF9430–33 molecular mechanics calculations indi-
cate that the tetrahedral structure resulting from addi-
tion of the hydroxyl to the carbonyl of the secondary
amide leading to formation of Gly-Sar 4, route a, is
more favorable by 16 kcal/mol.34 Route b, forming the
tetrahedral intermediate leading to Sar-Gly 5 is accom-
panied by two unfavorable gauche interactions between
the N-methyl group and the vicinal oxygens of C2. These
results are in accord with the published kinetic study,27

which showed formation of Gly-Sar 4 is favored by
3.4 over Sar-Gly 5.

Ex vivo biodistribution studies were carried out with
normal CD-1 mice. Figures 2 and 3 illustrate biodistri-
bution in the blood, liver, lung, and spleen. In general,
[11C]cyclo(Gly-Sar) 3* uptake was slightly higher than
[11C]Gly-Sar 4*. [11C]cyclo(Gly-Sar) 3* exhibited analo-
gous uptake and clearance in the blood, liver, lung, and
spleen. Brain uptake was very small for both 4* and 3*.
On the other hand, uptake of [11C]Gly-Sar 4* appeared
higher in the spleen relative to the blood, lung, and liver,
with least uptake in the liver.

Biodistribution curves were also obtained for [11C]Gly-
Sar 4* and [11C]cyclo(Gly-Sar) 3* in kidney (see Fig.
5b). The resulting data are quite similar to that obtained
from the in vivo time-activity study (Fig. 5a). The initial
renal uptake of 4* was clearly about three times larger
than 3*. The higher uptake and slow clearance of
[11C]Gly-Sar 4* suggests involvement of an active trans-
port mode.

In vivo studies were also conducted with CD-1 and
PepT2 knockout mice. Figure 4a–d illustrates microPET
images of CD-1 mouse kidneys, obtained with micro-
PET R4 following 2–10 min post-injection of both
[11C]Gly-Sar 4* and [11C]cyclo(Gly-Sar) 3* (images ob-
tained with microPET P4 are not shown). Accumulation
of [11C]Gly-Sar 4* is remarkable in the medulla (outer
medulla) region, where PepT2-mRNA is known to be
expressed.7,8 On the other hand, [11C]cyclo(Gly-Sar) 3*
is largely visible through the renal pelvis region, most
likely resulting from its rapid excretion. Figure 5a shows



Figure 4. MicroPET images of CD-1 mice––coronal (a) and transverse

and (b) images of kidneys showing uptake of [11C]Gly-Sar 4* in

medulla (M), 10 min post-injection; coronal (c) and transverse and (d)

images 2 min post-injection of [11C]cyclo(Gly-Sar) 3* with radioactiv-

ity visible through the renal pelvis (P) region; (e) and (f) depict uptake

of [11C]Gly-Sar 4* and [11C]cyclo(Gly-Sar) 3* in kidneys with respect

to the whole mouse (time frames different than for a–d).
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related time–activity curves for the corresponding re-
gions of interest (data from microPET P4 are not
shown), revealing fast initial kidney uptake for both
[11C]Gly-Sar 4* and [11C]cyclo(Gly-Sar) 3*. However,
and in agreement with the ex vivo biodistribution data
(Fig. 5b), [11C](Gly-Sar) 4* uptake was greater than its
cyclic derivative 3*, and radioactivity clears more grad-
ually. These results suggest that only [11C]Gly-Sar 4* is
transported by PepT2. That [11C]cyclo(Gly-Sar) 3* is
not recognized by PepT2 is concluded from exclusion
of radioactivity from the medulla region and from the
profile of the corresponding time–activity curves.

As pointed out above, we also imaged a PepT2�/�

mouse to verify the above observations regarding trans-
port dynamics of [11C]Gly-Sar 4*. These transgenic mice
are similar to those employed in previous studies and
were without obvious behavioral or neurological abnor-
malities.14,15 They exhibited normal urine protein levels
and comparable base-line blood chemistries. Gross and
light microscopic morphology of the kidneys of the null
mouse were normal.15 PepT1 transporter was retained in
the kidney,15 and was shown to function normally by
imaging with the flurophore-conjugated dipeptide sub-
strate D-Ala-Lys-AMCA.14



Figure 6. MicroPET images for kidney uptake of [11C]Gly-Sar 4* in

transgenic mice––coronal (a) and transverse (b) images of PepT2+/+

mouse, 15 min post-injection, with radioactivity visible through the

medulla (M) and pelvis (P) regions; coronal (a) and transverse (b)

images of PepT2�/� mouse, 1.5 min post-injection, with radioactivity

visible in only the pelvis region.
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Figure 6 depicts microPET images for the null (PepT2�/�)
and wild type (PepT2+/+) mice following 11

2
and

15 min post-injection. The time–activity profile for the
transport of [11C]Gly-Sar 4* in the kidney of the
PepT2+/+ mouse was similar to that observed in the nor-
mal CD-1 mice, but with radioactivity visible in both the
renal medulla and the pelvis regions. It is unclear why
radioactivity is more pronounced in the pelvis region
of the PepT2+/+ mouse relative to the CD-1 type even
when compared at the same time frame. As mentioned
above, these mice showed no obvious abnormalities, ex-
cept that they are significantly smaller than the CD-1,
and in particular the PepT2+/+ mouse was 3 g lighter
than the average CD-1.

As expected, the PepT2�/� mouse distinctly lacked accu-
mulation of [11C]Gly-Sar 4* in the medulla region owing
to the absence of PepT2. The corresponding time–activ-
ity curves (Fig. 7) shows faster clearance from the
medulla region for the PepT2�/� mouse. Furthermore,
diminished (or lack of) tubular reabsorption in this re-
gion is also suggested by faster time-to-peak period rel-
ative to the wild type (Fig. 7), while both PepT2�/� and
PepT2+/+ exhibited similar pelvic time-to-peak period
(Fig. 8).
3. Conclusions

We have synthesized C-11 labeled Gly-Sar, the fre-
quently used model substrate for PepT1 and PepT2, as
a potential PET tracer. With the combined use of
PepT2�/� knockout mouse, we examined the functional
role of Pept2 in the renal transport of dipeptides in vivo.
There was an obvious deficiency in the renal uptake of
[11C]Gly-Sar in the Pept2�/� mouse. Furthermore,
exclusion of [11C]Gly-Sar 4* activity from the renal
medulla (outer medulla) region of the Pept2�/� mouse,
where PepT2-mRNA is expressed, suggests that PepT2
is primarily responsible for the renal tubular active reab-
sorption of Gly-Sar, and perhaps similar substrates that
utilize the same transport pathway such as di- and tri-
peptides, b-lactam antibiotics of the cephalosporin and
penicillin class, and the anticancer agent bestatin. Final-
ly, the cyclic dipeptide analog, [11C]cyclo(Gly-Sar), was
not transported by PepT2.
4. Experimental section

4.1. Materials and methods

Thin layer chromatography (TLC) was performed on
precoated 60F-254 silica gel plates (E. Merck). 1H and
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13C NMR spectra were recorded on Brucker DPX-
300 MHz spectrometer. Electron ionization, chemical
ionization, and high resolution mass spectra were per-
formed on a V. G. Analytical 70–250S spectrometer
(Micromass, Manchester, UK). HPLC analyses were
performed with a Shimadzu VP series. Radioactivity
detection was done with Bioscan coincidence (model
B-FC-4000) detector. UV detection was performed at
220 nm (C@O kmax � 170–210 nm) with minor baseline
noise because mobile phase contains no organics besides
ammonium acetate buffer (UV cutoff = 205 nm35) and
phosphate buffer (UV cutoff = 190 nm35). Melting
points were determined on a Mel-Temp apparatus (Lab-
oratory Devices, Cambridge, MA) and are uncorrected.
Sar-Gly (sarcosylglycine) was purchased from Bachem
Bioscience Inc., King of Prussia, PA. All other reagents
and solvents were purchased from Aldrich Chemical
(Milwaukee, WI) or Fisher Scientific (Pittsburgh, PA)
and were used without further purification unless noted.
Radiochemical yields and duration of syntheses are re-
ported as decay corrected to the end of cyclotron target
bombardment.

Animal experiments were carried out according to the
University of Michigan Committee on Use and Care
of Animals (UCUCA). Biodistribution studies with
normal CD-1 mice (Charles Rivers, Wilmington,
MA, USA) were done in females weighing 20–25, 26
and 27 g for microPET imaging. The PepT2�/� and
PepT2+/+ mice weighed 20 and 24 g, respectively, and
were as described elsewhere.14,15

4.1.1. 1-Methyl-2,5-piperazinedione (3). Modifying liter-
ature method,36 a solution of glycylsarcosine 4 (3 g,
0.0205 mol) in 18 mL anhydrous ethylene glycol was re-
fluxed for 3 h. The solvent was evaporated under vacuo.
The resulting greenish solid was recrystallized from iso-
propanol to give 1.26 g (48%) of 3 as light greenish solid
with mp 140–142 �C (lit: 141–143 �C;36 142–143 �C;37
136–139 �C;38 135.5–139 �C39). The filtrate was diluted
with isopropyl ether and allowed to stand for several
days. Slow evaporation of the solvent yielded 0.58 g
additional 3 as colorless to light green plates for a total
yield of 70%. 1H NMR (DMSO-d6) d 2.81 ppm (s, 3H,
>N–CH3), 3.77 (s, 2H, –CH2–), 3.88 (s, 2H, –CH2–),
8.11 (s, 1H, >N–H); 13C NMR (DMSO-d6) d
32.8 ppm, 44.3, 51.1, 164.0, 165.4. EIMS m/z (relative
intensity): 128 [100, M+]. HRMS (EI) calculated for
C5H8N2O2 (M+) 128.0586, found 128.0589. HPLC,
220 nm; (a) Waters C-18, Atlantis (4.6 · 250 mm),
50 mmol aq NH4OAc, tR = 6.5 min at a flow rate
of 1.5 mL/min; tR = 10 min at 1 mL/min: (b) Showa
Denko polymethacrylate, RSpak Shodex DE-613
(6.0 · 150 mm), 50 mmol aq NH4OAc, tR = 5.1 min at
1.0 mL/min.

4.1.2. [11C]cyclo(Glycylsarcosine) (3*). No-carrier-added
[11C]CO2 was prepared by proton bombardment of
nitrogen gas target [14N(p,a)11C], which was converted
to [11C]methyl iodide according to the conventional lith-
ium aluminum hydride (LAH) reduction/hydroiodic
acid (HI) method, then converted to [11C]methyl triflate
successively.40 About 5–10 min before end of beam,
1 mL of anhydrous acetonitrile was added to a vial con-
taining 10 mg of glycylglycine ethyl ester hydrochloride
1ÆHCl, followed by 1 equiv (�7.1 lL) of triethylamine,
and the resulting mixture was vortex-mixed until total
dissolution. Then 150 lL of the resulting solution was
transferred into a 1000 lL reaction vial containing
10 lL of anhydrous DMSO. [11C]Methyl triflate was
distilled into the reaction solution at about �40 �C41

in N2 carrier (30 mL/min) until radioactivity had
peaked. The resulting mixture was heated at 170 �C
for 1 min allowing acetonitrile to evaporate through a
vent line. N2 gas was passed through the reaction vial
in order to sweep away acetonitrile vapors, and then
cooled to about 50 �C while sweeping through N2. A
mixture of 25 lL triethylamine in 400 lL aqueous solu-
tion of 25 mmol of ammonium acetate was added to the
reaction vial, and the resulting solution was heated at
80 �C for 5 min. After cooling to ambient temperature,
the mixture was injected onto Waters Atlantis C-18
(4.6 · 250 mm) analytical HPLC column eluting with
25 mmol ammonium acetate at 1.5 mL/min at
220 nm. [11C]cyclo(Gly-Sar) 3* eluted at 6.5 min42 and
collected into a sterile vile. The resulting radiochemical
yield was 5.9% (n = 2) with >99.5% radiochemical purity
determined by injection onto either the Atlantis column
or the Shodex. Total synthesis time was 34 min. For
animal studies, the labeled compound was used
directly with CD-1 mice without further formulation.

4.1.3. [11C](Glycylsarcosine) (4*). The [11C]cyclo(Gly-
Sar) 3* intermediate, prepared as described above, was
collected upon HPLC purification into a sterile vial con-
taining 120 lL of 2 N NaOH and the mixture was
refluxed for 8 min.43 The resulting solution was cooled,
and excess hydroxide was neutralized with 250 lL
NaH2PO4 buffer. The average radiochemical yield was
8.6% (5.3–13.1%, n = 8), with specific activity of
1395 mCi/lmol, and >99.5% radiochemical purity deter-
mined by injecting onto the Atlantis column at 1 mL/
min (tR = 3.2 min). No additional formulation was re-
quired for animal studies with CD-1 mice. On the other
hand, the solution was first filtered through 0.22 lm
sterile filter and diluted with sterile water before inject-
ing into the knockout mouse. Total synthesis time was
about 42 min.

4.2. MicroPET imaging

MicroPET R4 and microPET P4 positron emission
tomography instruments (Concorde Microsystem Inc.,
Knoxville, TN) were used for imaging. Higher doses
(+50%) are used when employing the P4 instrument in
order to offset its 30% lower sensitivity. This should
not affect data interpretation, since resolution is similar
with both instruments and their images are processed by
similar protocol.

Animals were anesthetized with isoflurane and placed on
the bed of the instrument. Animals were then injected as
a bolus via an indwelling tail vein catheter with 1–3 mCi
of radiotracer and imaged for 60 min. Data were
acquired in list mode for 60 min, and then temporally
binned into a series of variable frame lengths; (i)
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for [11C]Gly-Sar and [11C]cyclo(Gly-Sar) in CD-1 mice:
12 frames each; 5 · 2 min + 4 · 5 + 3 · 10; (ii) for
[11C]Gly-Sar in PepT2 mice: 15 frames each;
4 · 0.5 min + 3 · 1 + 2 · 2.5 + 2 · 5 + 4 · 10. A model-
based normalization44 specific to the microPET scanner
geometry and block design was applied to the sonogram
data. Data were also corrected for random coincidences,
dead time, attenuation, and scatter. Images were recon-
structed using fully 3-D maximum a-posteriori (MAP)
30 iterations.45 Regions of interest (ROI) corresponding
to the renal medulla and pelvis were drawn manually on
multiple slices (i.e., 3-D) of specified frame of each dy-
namic sequence and applied to all other frames gene-
rating time-activity curves: (i) CD-1 mice: for
[11C]cyclo(Gly-Sar), frame 0 (2 min post-injection); for
[11C]Gly-Sar, frame 4 (10 min post-injection); (ii)
PepT2�/� mouse: for [11C]Gly-Sar, frame 2 (1.5 min
post-injection); (iii) PepT2+/+ mouse: for [11C]Gly-Sar,
frame 9 (15 min post-injection).

4.3. Ex vivo biodistribution studies

Groups of mice (four animals) were anesthetized with
diethyl ether and injected via the tail vein with a saline
diluted solution of radiotracer (20–300 lCi in 25 mmol
NH4OAc). Animals were allowed to recover, reanesthe-
tized and sacrificed at 5, 10, 30 or 40 min post-injection.
The organs were rapidly removed, weighed and then
counted for carbon-11 using an automatic gamma coun-
ter (Packard Auto Gamma 5780). Counts were decay
corrected to the time of injection to determine the per-
cent injected dose per gram tissue (%ID/g) for each
organ.
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