Intravenous 'y-Glutamyl Tyrosine Elevates Brain Tyrosme But Not
Catecholamme Concentrahons in Normal Rats
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A number of cllmcal sutuatlons may beneflt from mtravenous supplements of tyrasine (Tyr) In total parenteral nutrition (TPN),
the supply of Tyr is limited by its poor solubility. In both rats and infants maintained on pediatric TPN, plasma Tyr Ievels are
approximately 30% of normal, and in rat brains Tyr concentrations are similarly reduced. We reported prevuously that
supplementing a TPN solution with the soluble peptide, -y-glutamyl Tyr [Glu(Tyr)], normalizes plasma Tyr and doubles bram Tyr
in rats. To assess more fully the behavior of intravenous Giu(Tyr) in vivo, 20 mmoli/L Glu{Tyr) was infused into the inferior vena
cava of rats at rates increased every 2 hours over an 8-hour peﬂod {300 to 450 pmiol Glu(Tyr)/ kg body welght/ h). The surgical
procedure for catheterization is deserlbed At the maximum rate of mfumon, plasma Tyr and Glu(Tyr) concentratioiis reached
mean plateau valugs of 326 and 252 pmol /L, respectuvely Brain Tyr concentrations were 71 and 264 nmiol/g wet weight i in
control rats infused with hepaﬂmzed saline (SAL group) and rats infused with Glu(Tyr) (PEP group) respectively. No differences
were found in concentrations of norepmephrme (NE), dopamine (DA), or homovariillic acid (HVA) in prefrontal cortex (PFC),
striatum (STR), or remaining brain (RB) tissue in PEP and SAL rats, We did not detect undegraded Glu(Tyr) in the brain, and less

than 0.5% of infused Glu(Tyr) appeared in the urine.
Copyright © 1996 by W.B. Saunders Company

OMMERCIAL MIXTURES of dmino acids used for
total parenteral nutrition (TPN) contain little or no
tyrosine (Tyr) because of the limited solubility of this amino
acid. In an attempt to compensate for the deficiency of Tyr
in these mixtures, manufacturers include ‘high concentra'-
tions of phenylalanine (Phe), the metabolic precursor of
Tyr. A pediatric, TPN mixture (Aminosyn-PF 10%; Abbott
Laboratories, N Chlcago, IL) contains a 10:1 molar ratio of
Phe to Tyr; when this is used in TPN.to maintain infants or
rats, plasma concentrations of Tyr are sngmﬁcantly less than
normal and levels of Phe are above normal, indicating
limited conversion of Phe to Tyr during parenteral adminis-
tration.!

In addition to its important role in protein synthesis, Tyr
is a precursor of other important metabolites; including
catecholamines, which serve hormonal and neurotransmit-
ter functions. We previously proposed use of the soluble
peptide, y-glutamyl-Tyr [Glu(Tyr)], as an intravenous source
of Tyr. 'y-Glutamyl transferase ([GGT]EC 2.3.2.2), an
enzyme that is highly active in endothelial cells,? should
hydrolyze Glu(Tyr) in the circulation. Glu(Tyr) need not be
regarded as a foreign peptide; it can also be synthesized by
GGT, which catalyzes transfer of the y-glutamyl group of
glutathione to Tyr.> When mice were given an intravenous
injection of Glu(Tyr), Tyr concentration in plasma in-
creased rapidly, and. this increase was blunted by acivicin,
an inhibitor of GGT.* We then substituted Glu(Tyr) for
half the Phe in a pediatric TPN miixture. When young adult
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rats were maintained on this modified TPN, plasma concen-
trations of Phe and Tyr were restored to normal.!

The present study explores the disposition .iit rats. of
Glu(Tyr) infused intravenously in increasing concentra-
tions. The capacity of this peptide to elevate Tyr. concentra-
tions in both plasma and brains of young rats was assessed.
We also mvestlgated the extent of urinary excretion of the
infused peptide and whether intact Glu(Tyr) Crosses the
blood-brain barrier in detectable amounts. Fmally, we
studied the effect in brain of elevated levels of Tyr on
ambient concentrations of catecholamines. A surgical pro-
cedure was developed to provide for infusion into the
inferior vena cava, which we reasoned would tolerate the
increasing rates of infusion better than the more commonly
accessed superior. vena cava. The rat maintains complete
freedom of movement in the metabolism cage without the
use of a harness,” which is assumed to contribute to the
stress experienced by the animal.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (Charles River Breeding Laborato-
ries, Wilmington, MA) were housed individually upon receipt. On
the day of infusion; body weights were 171 to 220 g. The protocol
for the use of rats in these experiments was approved by the
Institutional Animal Care and Use Committee of the University of
Louisville.

Surgical Procedure

Catheters were assembled as shown in Fig 1. The 22-gauge,
small-animal, single-channel infusion swivel, spring, and button for
attachment to the animal were obtained from Harvard Apparatus
(South Natick, MA). The assembled catheter apparatus, surgical
drapes, and 5-0 silk ties (Ethicon, Somerville, NJ) were gas-
sterilized in ethylene oxide. Surgical instruments were sterilized by
autoclave.

Each rat was anesthetized by intramuscular injection of rodent
anesthesia (ketamine hydrochloride 37.5 mg/mL and xylazine 5
mg/mL; Aveco, Fort Dodge, IA) at a dose of 1 mL/kg body weight.
The upper-back and groin areas were shaved and cleansed with
70% ethanol. A 2- to 3-cm longitudinal incision was made in the
groin (Fig 1). Subcutaneous tissues were divided by blunt dissec-
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Fig 1. Position of incision in the groin area of the rat and detail of catheter assembly. Catheter tip consists of medical-grade silastic tubing
{0.025 in ID x 0.047 in OD), chosen to minimize the possibility of puncturing blood vessels. The remaining 45 cm of the catheter is PES0 tubing
{0.58 mm ID x 0.965 mm OD; Clay Adams, Parsippany, NJ} sealed circumferentially to the silastic tip with cyanoacrylate glue. Rigidity of the
polyethylene tubing prevents occlusion during normal activity of the rat. This assembly is threaded through the spring toward the swivel. The
tubing is looped as shown and connected to the outlet nipple of the swivel. A 15-cm length of PE50 tubing is joined to the inlet nipple of the swivel,
overlaid with 10 cm of protecting PE240 tubing (0.066 in ID x 0.095 in OD; Clay Adams), and fitted with the needle as shown. All junctions of PE50

with the swivel and need!e are sealed with cyanoacrylate glue,

tion at the incision site and posterolaterally along the abdominal
wall. A 2- to 3-cm longitudinal incision was then made in the
interscapular region. Subcutaneous tissues were divided as before
around the incision and anterolaterally. A 12-cm piece of fire-
polished and sterilized glass tubing (5 mm ID X 7 mm OD) was
tunneled laterally and inferiorly from the back to the groin. The
catheter, filled with heparinized saline with 1 U heparin/mL
(sodium heparin injection USP; SoloPak Laboratories, Franklin
Park, IL), was passed from the back to the groin through the glass
tubing. The tubing containing the catheter was removed through
the incision in the groin. The incision in the back was covered with
saline-soaked sterile gauze, and the animal was moved to a supine
position and draped. The tubing containing the catheter tip was
positioned on the drape, away from the operating field, to maintain
sterility of the catheter. The skin and musculature at the incision in
the groin were held by gentle four-point retraction while the
femoral vein was catheterized as shown in Fig 2.

After catheterization, the incision site was flushed with heparin-
ized saline, followed by 1 mL aqueous solution containing 40 mg
ampicillin (Polycillin-N; Apothecon, Princeton, NJ). The incision
site was closed with 9-mm wound clips (Clay Adams, Parsippany,
NJ) and treated with providone-iodine ointment (Acme United,
Fairfield, CT). The animal was then returned to a prone position.
Slack in the catheter was taken up by gentle pressure at the loop
connected to the swivel (Fig 1). The button was placed subcutane-
ously in the interscapular incision and sutured to the skin using 3-0
silk sutures (CE-4; American Cyanamid, Danbury, CT). After
irrigation with heparinized saline and ampicillin solution, the skin
was closed with wound clips and treated with providone-iodine
ointment as above.

Animal Care

After surgery, each rat was placed in an individual metabolism
cage, modified by a slit opening in the central portion of the
support serving as the roof of the cage. The spring could move
within this slit, permitting complete freedom of movement of the
rat within the cage. The spring-guarded PES0 tubing, secured by a
clamp holding the swivel device, was out of reach of the rat. A
Lifecare micropump equipped with a microdrip pump set-SL
(Abbott Laboratories) was connected to the needle in the catheter

apparatus via the Luer lock, taking care to exclude air from the
line. Heparinized saline was infused at 2 mL/h. Rats had free
access to water and rodent chow (Purina Mills, St Louis, MO). The
animal room was on a 6 aM to 6 PM light cycle. Rats had recovered
presurgery body weights in 48 hours. On the third day postsurgery,
approximately 3 hours after the start of a light cycle, food was
removed from the cages and an initial (time 0) blood sample was
collected from the tail vein and centrifuged in heparinized hemato-
crit tubes at 2,000 x g for 6 minutes (Microcapillary Centrifuge
Model MB; International Equipment, Needham Heights, MA).
Plasma was removed and frozen at —80°C until analyzed. Infusion
was then begun as described later. Blood was collected and
samples were treated as above at the end of each 2-hour infusion
period. Urine was collected in graduated cylinders set in ice below
the outlet from each metabolism cage. Separate urine samples
were collected from peptide-infused (PEP) rats for each 2-hour
period of infusion; a single 8-hour sample was collected from
heparinized saline~infused control (SAL) rats. Efforts were made
to allow rats to empty their bladders as they were being removed
from the cages for collection of blood samples; if rats did void
during blood collection, these losses were noted. After final blood
samples were taken at 8 hours, rats were killed by decapitation.
The brain was rapidly removed, rinsed in cold saline, blotted on
filter paper, and dissected over ice to obtain prefrontal cortex
(PFC) and striata (STR). These specimens and the remaining
brain (RB) tissue were frozen rapidly in liquid nitrogen and stored
at —80°C until the time of analysis. Urine remaining in the bladder
at necropsy was added to the final urine sample.

Analytical Methods

Blood samples were analyzed by high-performance liquid chro-
matography (HPLC) for Tyr, Phe, tryptophan (Trp), and Glu(Tyr)
as described previously.! Each urine sample was lyophilized and
reconstituted to one sixth of the original volume in 1N perchloric
acid (PCA). The resultant suspension was mixed thoroughly and
centrifuged. The pellet was discarded, and a 1,000-uL aliquot of
the supernate was treated with 70 pL 10N KOH to precipitate
excess perchlorate, set on ice for 10 minutes, and filtered by
centrifugation at 2,000 x g in a BAS microfilter assembly (Bioana-
lytical Systems, West Lafayette, IN) fitted with a 0.45-pm Nylon-66
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Fig2. iInsertion of the catheter. Under magnification, the femoral vein is carefully separated by blunt dissection from the accompanying artery
and nerve, and the deep muscular branch of the femoral vein is identified. A 5-0 silk tie with a single overhand knot is placed around this branch of
the femoral vein, and the vessel is ligated. A free end of the tie is brought under the femoral vein and over the artery and nerve (A) and left in place.
Another 5-0 silk tie is placed proximally around the femoral vein and tied with a double overhand knot, leaving a 1-cm noose. The free ends are
gripped with a hemostat, positioned so that the noose exerts a tourniquet effect on the vessel (B). A5-0 silk tie is placed around the femoral vein
at its most distal exposure, and the vessel is ligated (C). The vessel is gently raised with forceps close to the distal ligature, and a venotomy is
made, using straight Vannas-style spring scissors with a 3-mm cutting edge (Fine Science Tools, Belmont, CA). The lip of the venotomy is lifted
using Dumont microsurgery forceps (Fine Science Tools) (D). The catheter is placed in the vessel and advanced using curved forceps to the
proximal tourniquet. The hemostat is repositioned to permit passage of the catheter. The catheter is advanced until the junction of the silastic tip
with the PE50 tubing is within the vessel. The proximal tourniquet is tied at the junction, securing the catheter. The ligature around the deep vein
and the distal ligature is tied securely around the PE50 portion of the catheter, and blood is drawn into the catheter to verify patency.

Amino Acids and Glu(Tyr) in Plasma
pmol/kg body wt/hr
300 350 400 450

400 T - f T
T
L
300 T _— T
ﬂ-/
O 4
I
) T
e
T
e
Z 200 /3 5
Fig 3. Concentrations of
100+ x amino acids and Glu{Tyr) in
A 2T plasma of PEP rats during infu-
o \A_‘\_*A—————l} sion of peptide. (O) Tyr; (OI) Glu-
Y V—r—v v ——— {Tyr); (A) Trp; (V) Phe. Rates of
peptide infusion are shown on
| | | the top x-axis, corresponding to
05 I T f time on the lower x-axis. Mean =
0 2 4 6 8  SEM values for 4 rats are shown;

some errors are small enough to
R be obscured by the symbols {see
Time (hr) Table 1).



y-GLUTAMYL TYROSINE ELEVATES BRAIN TYROSINE

membrane (Rainin Instruments, Woburn, MA). Aliquots of the
filtrate were analyzed for Glu(Tyr) by the HPLC method used for
plasma, except that elution was performed with 12% methanol in
0.095% trichloroacetic acid and detection was at 275 nm to
minimize absorbance of interfering substances.

Brain tissue was homogenized in 0.2N PCA containing dihydroxy-
benzylamine as an internal standard. Final concentrations were
100 mg PFC/500 wL PCA, 25 mg STR/100 wL PCA, and 1 g
RB/2.5 mL PCA. Specimens were kept on ice during homogeniza-
tion. RB was homogenized with an Ika-Werk Ultra-Turrex Tissuem-
izer (Tekmar, Cincinnati, OH) at a setting of 50; PFC and STR
were homogenized with a Ten Broeck glass tissue grinder driven by
a Precision Homogenizer (Precision Scientific, Chicago, IL) at a
setting of 1. Homogenates were centrifuged at 4°C for 20 minutes
at 13,000 x g in a Sorvall (Wilmington, DE) RC2-B refrigerated
centrifuge. The supernate was removed and treated with 10N KOH
at 1 /100 pL supernate and set on ice for 10 minutes. Further
treatment was as described for plasma and urine. Levels of the
catecholamines, norepinephrine (NE) and dopamine (DA), and
the DA metabolite, homovanillic acid (HVA), were measured in
brain tissue by HPLC with electrochemical detection, and a
Catecholamine column (100 x 4.6 mm; Alltech Associates, Deer-
field, IL) was used in the HPLC apparatus described previously.*
The eluting buffer was prepared by dissolving 6.8 g sodium acetate
trihydrate (Baker Analyzed; J.T. Baker, Phillipsburg, NJ), 6.3 g
citric acid monohydrate (Sigma), and 50 mg disodium EDTA
dihydrate (International Biotechnologies, New Haven, CT) in
approximately 900 mL glass-filtered deionized water and adjusting
the pH to 4.0 with glacial acetic acid (Fisher Scientific, Pittsburgh,
PA). Sodium octyl sulfate (232 mg; Sigma) was then added, and the
volume was made to 1 L; 45 mL was removed and replaced with 45
mL HPLC-grade methanol (Fisher). Brain tissue extracts were
diluted appropriately (1:3 to 1:8) with eluting buffer, and 20-uL
samples were injected in running solvent, sparged with helium.
Elution (1.3 mL/min) was monitored by an electrochemical detec-
tor (Model LC-4B; Bioanalytical Systems) set at +750 mV.
Reference standards of NE, DA, HVA, and dihydroxybenzylamine
were obtained from Sigma.

Infusion

vy-L-Glutamyl-L-tyrosine [Glu(Tyr)] was obtained from Peptides
International (Louisville, KY). The peptide was dissolved in
heparinized saline, and pH was adjusted to 6.6 with NaOH. The
final solution, made isotonic with NaCl, contained 20 mmol/L
Glu(Tyr). The solution was sterilized by filtration through a sterile
0.22-pum cellulose acetate membrane filter unit (Lida Manufactur-
ing, Bensenville, IL) into sterile Viaflex bags (Baxter Healthcare,
Deerfield, IL) from which pump sets were filled. Target infusion
rates for four experimental rats (PEP group) began at 15 mL (300
pmol peptide)/kg body weight/h for the first 2 hours and increased
by 2.5 mL (50 pmol peptide)/kg body weight/h at 2-hour intervals
to a maximum of 22.5 mL (450 pmol peptide)/kg body weight/h
during the 6- to 8-hour interval. Four control rats (SAL group)
were infused with heparinized saline at equivalent rates.

Statistical comparisons were based on Student’s ¢ test using
Epistatistic software (Gustafson, Richardson, TX).

RESULTS

Concentrations of aromatic amino acids and Glu(Tyr) in
plasma of PEP rats during the 8-hour infusion of Glu(Tyr)
are shown in Fig 3. Plasma concentrations of Tyr and
Glu(Tyr) increase steadily through the first 6 hours of
infusion, with no further statistically significant increase at

Table 1. Concentrations {umol/L) of Amino Acids in Plasma During Intravenous Infusion in Rats

Period of Infusion (time of day)

4 h {12:40-1:40 pn) 6 h (2:40-3:40 Pm) 8 h {4:40-5:40 PMm)

2 h (10:40-11:40 Am)

0 h (8:40-9:40 Am)

Trp

59.2+16 63236

Trp Tyr Phe Trp Tyr Phe Trp Tyr Phe Trp Tyr Phe

Phe
4) 89.6+95 b553+53 899+7.2

Tyr

Group

SAL (n

57.5+24 69.0+63 825+ 136 83.9+24.0 938+ 146 534+ 25t

62632 885+93 61.8+43
76.1+104 495+63 799+ 184 202.8 + 14.9*t+ 541+ 1.6 89.3+9.2 267.2+8.3*1% 476 +3.2 69.0+4.6 3163+ 11.2*TF 449+ 3.1

NOTE. Results are the mean = SEM.

68.7 +5.8

60.2£42 325.8+238*F 488x27 60942

PEP (n = 4)

*Difference from corresponding value for SAL rats at P < .01.

TDifference from time 0 value within the same group atP < .01.

iDifference from value in immediately preceding infusion period in rats within the same group at P < .01.
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Table 2. Amino Acids in Rat Plasma and Brain
Plasma (pmol/L) Brain {(nmol/g wet weight} Plasma to Brain Ratio
Group Tyr Phe Trp Tyr Phe Trp Tyr Phe Trp
SAL (n = 4) 534+ 25 59.2+ 1.6 63.2 £ 3.6 71.0 = 3.8 67.3 2.0 13.0+ 0.8 0.74 0.88 4.86
PEP (n = 4) 325.8 + 23.8* 48.8 + 2.7 60.9 £ 4.2 263.5 + 21.0* 56.8 = 1.8* 11.8+£09 1.24 0.86 5.16

NOTE. Amino acid levels were measured in plasma prepared from blood samples collected at 8 hours, immediately before rats were killed, and in
RB from which PFC and STR had been removed. Results are the mean * SEM.

*P < .01vSAL.

8 hours. Concentrations of Tyr throughout remain higher
than those of Glu(Tyr). Plasma concentrations of Tyr, Phe,
and Trp in SAL and PEP rats are shown for comparison in
Table 1. In each group, there were no significant differences
in the concentrations of Phe or Trp at the end of any
infusion period from the values at time 0 or from values in
the preceding infusion period. Thus, there is no evidence of
a reported diurnal rhythm? in the concentrations of these
amino acids during this 8-hour experiment (~9 AM to 5
PM). In SAL rats, mean Tyr levels at 8 hours were
significantly decreased as compared with time 0, but not
compared with levels at the end of any infusion period. In
PEP rats, infusion of Glu(Tyr) produced a marked increase
in plasma Tyr, with the final concentration greater than
four times the value at time 0 and over six times the final
concentration in SAL rats.

Concentrations of aromatic amino acids in RB and their
plasma to brain ratios in PEP and SAL rats are shown in
Table 2. In brains of PEP rats, the mean concentration of
Tyr is 3.7 times greater than control values, whereas the
concentration of Phe is decreased significantly from that in
SAL rats. However, plasma to brain ratios of Phe and Trp
are similar in PEP and SAL rats, which suggests that
transport of these amino acids from plasma to brain is not
significantly impaired in PEP rats by the high plasma
concentrations of Tyr. The plasma to brain ratjo of Tyr is
67% higher in PEP than in SAL rats, which indicates that
transport of Tyr between plasma and brain is affected by
the observed high plasma and brain concentrations of Tyr
and perhaps also by the high plasma concentration of
Glu(Tyr).

Concentrations of NE, DA, and HVA in brain tissue of
PEP and SAL rats are shown in Table 3. No significant
differences result from the 3.7-fold higher concentrations of
Tyr in brains of PEP versus SAL rats.

Excretion of Glu(Tyr) in the urine is reported in Table 4.
Body weights were recorded just before the experiment
started. For each rat, the actual amount of Glu(Tyr)
infused was calculated from the measured concentration
and volume of infusate delivered. When significant amounts

of urine were lost, no values are listed. Small amounts of
peptide were found in urine samples collected during the
first 2 hours of infusion (at 300 pmol peptide/kg body
weight/h) and in all subsequent samples. Even though
urine collection from metabolism cages is not strictly
quantitative, final samples from the four rats indicate that
even during the period of maximum infusion (~450 pmol
Glu(Tyr)/kg body weight/h), the estimated excretion of
Glu(Tyr) remains less than 0.5% of the amount infused.

DISCUSSION

We have explored the behavior in young rats of intrave-
nously administered Glu(Tyr) as a vehicle for elevating
concentrations of Tyr in plasma and brain. A surgical
procedure is described that permits delivery of infusate at
increasing rates into the inferior vena cava with exterioriza-
tion of the catheter in the interscapular region. In other
experiments in this laboratory, rats catheterized in this
manner have been successfully infused for 14 days. At
necropsy, the only finding attributable to the surgery was
the presence of granulation tissue at the site of the button
in the interscapular region of some animals. Other pub-
lished methods for accessing the inferior vena cava involve
catheterization via the femoral vein with exteriorization
through the tail®® or require opening of the abdominal
cavity.10

The data in Fig 3 define the upper limit of plasma Tyr
concentrations that can be achieved under the conditions of
this experiment. The early sharp increase in plasma Tyr
illustrates the inability of catabolic processes (eg, hepatic
Tyr aminotransferase) to maintain normal plasma Tyr
concentrations. Plateau concentrations of Tyr and Glu-
(Tyr) observed at 6 and 8 hours may be affected by the
capacity of GGT to catalyze synthesis and hydrolysis of
Glu(Tyr).?

The data in Table 4 show that excretion of Glu(Tyr) in
urine begins in the initial infusion period. In our earlier
study with rats maintained on TPN supplemented with
Glu(Tyr), no Glu(Tyr) appeared in the urine.! In those
studies, the peptide was infused at approximately 250

Table 3. Catecholamines and HVA in Rat Brain Tissue

NE {pmol/mg) DA {pmol/mg) HVA {pmol/mg)
Group RB PFC STR RB PFC STR RB PFC STR
SAL(n=4) 252x0.12 172x020 3.02+050 238+050 1.36+082 45149 023=x002 024+005 1.51=0.19%
PEP(h=4) 264012 198x0.10 417033 217%x0.16 0.76+045 574x40 . 027+001 025=*003 1.72=%0.13

NOTE. Values are based on wet weight of tissue, and are the mean = SEM.

*Mean value for 3 rats.
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Table 4. Urinary Excretion of Infused Glu(Tyr) in Rats

Excretion

Body Glu(Tyr) Urine Glu(Tyr) of Infused

Rat Weight  Time Infused Collected in Urine Glu(Tyr)
No. {s}} {h) {wmol/2 h} fmL) {nmol} (%)
1 220 0-2 132 3.0 187 0.1
2-4 156 59 252 0.2
4-6 175 4.6 294 0.2
6-8 199 10.2 321 0.2
2 209 0-2 127 5.4 234 0.2
2-4 151 — — —
4-6 172 5.2 499 0.3
6-8 192 6.9 665 0.3
3 171 0-2 101 - —_ -_
2-4 117 5.2 157 0.1
4-6 132 5.2 216 0.2
6-8 148 71 118 0.1
4 201 0-2 122 6.3 182 0.2
2-4 143 — — —
4-6 163 3.6 143 0.1
6-8 183 5.2 154 0.1

wmol/kg body weight/h and plasma concentrations were 55
pmol/L. In the present experiment, Glu(Tyr) was infused
initially at 300 wmol/kg body weight/h and plasma concen-
tration at 2 hours was 144 pmol/L. The high activity of
GGT in renal tubules® can be expected to limit the
concentration of intact peptide in the lumenal fluid; the
capacity of this enzyme to hydrolyze lumenal Glu(Tyr)
appears to be exceeded at plasma concentrations of 55 to
144 pmol/L Glu(Tyr). Renal transport of certain vy-glu-
tamyl peptides has been demonstrated in mice.!* If Glu-
(Tyr) is reabsorbed in rat kidney, the consistently low
percentage of infused Glu(Tyr) excreted in the urine
(Table 4) indicates that this transport capacity has not been
exceeded in this experiment.

We were unable to detect Glu(Tyr) in brain homoge-
nates, even though brain tissue was not entirely free of
adventitious blood plasma containing 144 pmol/L Glu-
(Tyr). The limit of detection of the peptide in this experi-
ment was estimated to be 20 pmol/mg tissue. The high
activity of GGT in the choroid plexus? should minimize
entry of intact Glu(Tyr) into the brain.

Several other derivatives of Tyr, including N-acetyl-Tyr
and neutral a-carboxy-linked dipeptides of Tyr, have been
used as intravenous sources of Tyr.1%!? Certain commercial
mixtures of amino acids for clinical use in TPN (eg,
Aminosyn-II, 10%; Abbott Laboratories) contain N-acetyl-
Tyr as a putative source of Tyr. However, N-acetyl-Tyr has
poor bioavailability in humans, due to limited hydrolysis
and also to significant urinary loss.!* Maher et al’® have
used acute injections of several neutral dipeptides of Tyr
(Tyr-Tyr, Tyr-Pro, Tyr-Ala, or Ala-Tyr) to produce tran-
sient elevations of brain Tyr in rats. The most soluble of
these peptides is Ala-Tyr, with a solubility of approximately
0.2 mmol/L.1215 Short-term intravenous administration of
Ala-Tyr has also been shown to increase plasma Tyr
concentrations in patients in renal failure, for whom Tyr
may be considered a conditionally essential amino acid.! In
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these patients, infusion of N-acetyl-Tyr did not increase
plasma Tyr concentrations.

The relative insolubility of Tyr presents problems in vivo
and in vitro. Precipitation of Tyr in rat tissues by feeding
diets high in Tyr was reported many years ago.”” Plasma
concentrations of Tyr were not reported in these studies. In
an adult patient with impaired ability to catabolize Tyr
because of defective activity of hepatic Tyr aminotransfer-
ase (tyrosinemia type II), crystallization of Tyr in eyes and
skin and massive tyrosinuria was noted at a plasma Tyr
concentration of 1,847 pwmol/L; skin lesions cleared and
tyrosinuria disappeared when the plasma Tyr concentration
was decreased to 459 pmol/L by a diet low in Tyr and Phe.!8
In another patient undergoing dietary treatment for tyrosin-
emia type I, crystallization of Tyr in skin and eyes was not
observed at a plasma Tyr concentration of 680 wmol/L.1°
The maximum plasma Tyr concentration (381 pwmol/L)
produced in a single rat in the present study would thus not
be expected to exceed the solubility of Tyr in tissues.

A number of studies, summarized by Milner and Wurt-
man,? have suggested that Tyr supplementation is effective
in increasing brain stores of catecholamines depleted by
rapid firing of neurons, by the use of drugs, in cold-stressed
rats and in spontaneously hypertensive rats. These and
other investigators suggest that catecholamine production
is controlled by the activity of the rate-limiting enzyme, Tyr
hydroxylase, and by concentrations of the substrate, Tyr.
Tyr supplements given orally have been reported to reduce
adverse reactions to environmental stress in humans.?! In
the present study, chronically elevated concentrations of
Tyr were produced in plasma and brain. No differences
were found between the ambient concentrations of NE,
DA, and HVA in brains of rats with normal (71 nmol/g)
and with markedly elevated (264 nmol/g) brain Tyr levels.
This is consistent with effective feedback control by catechol-
amines of the activity of Tyr hydroxylase?? and with the view
of some investigators that Tyr hydroxylase activity is not
limited by the concentration of Tyr in normal rat brain.??

Besides serving as a precursor of catecholamines in
neural tissue, Tyr is also incorporated into a neuroactive
dipeptide, L-tyrosyl-L-arginine (kyotorphin), which has been
identified in mammalian brain? and in human cerebrospi-
nal fluid? Kyotorphin, administered centrally to mice,
produces naloxone-inhibitable analgesia, presumably act-
ing through an opioidergic system. This peptide is synthe-
sized from Tyr and arginine in the brain by kyotorphin
synthetase.? Patients with persistent pain were given argi-
nine intravenously in an effort to produce analgesia by
stimulating kyotorphin synthesis in the brain.’ They re-
ported relief from pain and also a warm feeling, ascribed to
increased formation of nitric oxide from arginine in the
endothelium. More recently, intraperitoneal administra-
tion of the methyl ester of Tyr has been shown to produce
dose-dependent antinociception in mice,”” presumably by
providing sufficient Tyr to stimulate kyotorphin synthesis in
the brain.

As a potential intravenous source of Tyr for clinical use,
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Glu(Tyr) has several attributes: (1) Glu(Tyr) is highly
soluble in water at room temperature; a concentration of
1.6 mol/L can be achieved when pH is adjusted to 5 by
addition of NaOH.! (2) GGT, the enzyme that catalyzes
hydrolysis of Glu(Tyr), is well characterized, widely distrib-
uted in endothelial cells, and active in human fetal and
neonatal,?® as well as adult, tissues. (3) Giu(Tyr), adminis-
tered here in high concentration to rats, is not lost in
appreciable amounts in the urine. And (4) Glu(Tyr) may be
an endogenous metabolite, since Tyr is a substrate for
transpeptidation by GGT.? Seven other acidic y-glutamyl
dipeptides, presumably synthesized in situ by GGT, have
been identified in monkey brain in concentrations as high as
100 nmol/g wet tissue.? Thus, even if intravenously admin-

BERGER ET AL

istered Glu(Tyr) is not totally excluded from the brain, it
would seem unlikely to be associated with neurotoxicity.
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