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Abstract

The biosynthesis and axonal transport of the neuropeptide substance P (SP) in the striatonigral
tract of the rat was examined using an in vive radiolabeling of the rostral corpus striatum and a
series of high performance liquid chromatography (HPLC) steps for the purification of radiolabeled
SP. The corpus striatum of unrestrained rats was continuously infused via indwelling cannulae for
16 hr with [**S]methionine or a mix of [*H]leucine and [*H]proline. Radiolabeled SP was acid
extracted from discrete regions of this striatonigral SP projection—corpus striatum (SP-immuno-
positive cell bodies), ansa lenticularis (striatonigral SP axons), and substantia nigra (striatonigral
SP terminals)—and was purified to a constant specific activity by sequential HPLC. The radiochem-
ical purity of SP was verified by chemical derivative formation (SP-Met''-sulfoxide) and further
HPLC.

The in vivo labeling procedure resulted in a high level of incorporation of the amino acids into
tissue protein and peptide pools. [**S]SP and [*H]SP were positively identified in all three regions
of this peptidergic projection. The amount of [*S]SP harvested in each region accounted for
0.0015%, 0.003%, and 0.071% of the total tissue **S present in the striatum, striatonigral fibers, and
substantia nigra, respectively. The amount of [°H]SP harvested in each region accounted for
0.0025%, 0.011%, and 0.27% of the total tissue *H present in the three regions, respectively. The
amount of radiolabeled SP in the striatonigral regions for both isotopic infusion studies was highly
correlated with the immunoassayable SP content in those regions, suggesting rapid equilibration of
de novo biosynthesized SP with striatonigral tissue pools of SP.

Tritium autoradiography of the striatonigral projection after *H-amino acid infusion provided
further support for the specificity of the radiolabeling procedures. Heavily labeled fibers were seen
leaving the striatal infusion site caudally, forming a distinct fiber bundie. This bundle projected
caudoventrally and formed a dense terminal plexus primarily within the reticulata portion of the
substantia nigra.

These results demonstrate that SP biosynthesis in the corpus striatum and its transport to the
substantia nigra can be studied in discrete striatonigral regions obtained from individual unre-
strained rats. This preparation should allow for studies on the dynamics of SP biosynthesis, axonal
transport, and turnover in the striatonigral projection.
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Substance P (SP) is an undecapeptide originally de-
tected in extracts of brain and intestine in 1931 on the
basis of its muscle-contracting and hypotensive proper-
ties (von Euler and Gaddum, 1931). It was subsequently
isolated in pure form from bovine hypothalamic tissue
extracts and identified as Arg-Pro-Lys-Pro-Gln-Gln-
Phe-Phe-Gly-Leu-Met-NH, (Chang and Leeman, 1970;
Chang et al., 1971). SP has a wide but unequal distribu-
tion in the mammalian central nervous system (CNS),
as determined by bioassay, radioimmunoassay, and im-
munohistochemistry (Pernow, 1953; Lembeck and Ze-
tler, 1962; Brownstein et al., 1976; Cuello and Kanazawa,
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1978; Ljungdahl et al., 1978; Nicoll et al., 1980). High
concentrations of SP are found in the dorsal horn of the
spinal cord, in the nucleus of the descending tract of the
trigeminal nerve, and in various subcortical regions of
the brain, including the substantia nigra, amygdala, and
hypothalamus.

Within the substantia nigra, SP is largely found in
fibers that form a dense terminal plexus in the pars
reticulata. The majority of these SP fibers appear to
originate from SP-containing neuronal cell bodies in the
rostral portion of the corpus striatum (Mroz et al., 1976;
Hong et al., 1977; Brownstein et al., 1977; Kanazawa et
al., 1977; Jessell et al., 1978). Within the substantia nigra
pars compacta and pars reticulata, SP is present in both
myelinated and nonmyelinated fibers and is contained
within large granular vesicles, (Duffy et al., 1975; Cuello
et al., 1977) in axon terminals which form primarily
axodendritic synapses (DiFiglia et al., 1981). SP has been
shown to be released from nigral synaptosomes
(Schenker et al., 1976) or slices (Jessell, 1978) in a cal-
cium-dependent and tetrodotoxin-sensitive manner. It
has also been reported that microiontophoretically ap-
plied SP exerts an excitatory effect on nigral cells (Davies
and Dray, 1976; Walker et al., 1976) and that the stria-
tonigral SP projection neurons may exert facilitatory
influences on nigrostriatal dopaminergic neurons (Cher-
amy et al., 1978; Waldmeier et al., 1978). Therefore, it
appears that SP may play a major regulatory role within
the striatonigral system as a neurotransmitter or neuro-
modulatory substance.

Of primary importance to a satisfactory understanding
of striatonigral regulation by SP is the elucidation of its
metabolic pathway and an understanding of the regula-
tion of its biosynthesis and axonal transport. Toward
this end, we present some of our initial observations on
the in vivo incorporation of radiolabeled amino acids into
the SP molecule, after continuous infusion of [*S]me-
thionine or [*H]leucine and [*H]proline in the rostral
striatum, the area of SP-positive neuronal perikarya. By
sequentially purifying SP from discrete regions of the
striatonigral projection by high performance liquid chro-
matography (HPLC), newly synthesized SP was detected
in the rostral striatum, in the region of the ansa lentic-
ularis (area of SP axons), and in the substantia nigra
(area of SP nerve terminals). The radiolabeling protocol
used (amino acid delivery to discrete brain regions)
should be of general use in the study of CNS protein and
peptide biosynthesis and their axonal transport. Thus,
SP biosynthesis, axonal transport, and turnover may be
examined in the striatonigral projection in individual
unrestrained rats using these amino acid labeling and
SP purification strategies. A preliminary report of these
studies has appeared (Krause et al., 1982b).

Materials and Methods

Synthetic SP, SP-free acid, Tyr®-SP, and Gln-Gln-
Phe-Gly-Leu-Met-NH; were obtained from Peninsula
Laboratories (San Carlos, CA). Dr. Shmaryahu Blum-
berg generously provided the following partial sequences
of SP: Boc-GIn-Gln-Phe-Phe-Gly-Leu-Met-NH,, pGlu-
Phe-Phe-Gly-Leu-Met-NHo,, Phe-Phe-Gly-Leu-Met-
NH,, Phe-Gly-Leu-Met-NH,, Gly-Leu-Met-NH,, Boc-
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Leu-Met-NH;, and Boc-Phe-Phe-Gly-Leu-Met-Gly.
These SP fragments were used as HPLC and radioim-
munoassay standards. HPLC grade acetonitrile and
methanol were obtained from Burdick and Jackson Lab-
oratories (Muskegon, MI). The following radiolabeled
amino acids were purchased from New England Nuclear
Corporation: L-[3,4,5-*H (N)]leucine (110 Ci/mmol), L-
[2,3,4,5-*H]proline (160 Ci/mmol), and L[**S]methionine
(1175 Ci/mmol). All other chemicals were the highest
purity available (Sigma Chemical Co., St. Louis, MO, or
Fisher Scientific Co., Pittsburgh, PA).

Experimental paradigm. The general sequence of steps
involved in the in vivo infusion of radiolabeled amino
acids into the striatum and for the purification of SP
from the microdissected striatum, striatonigral axons,
and substantia nigra is presented in Figure 1.

Experimental animals and cannulation procedures.
Male rats (60 to 90 days old, 175 to 200 gm) of the
Sprague-Dawley strain were used. They were housed in
our animal facilities for 1 week under controlled condi-
tions of light (14 hr on, 10 hr off) and temperature (21
to 23°C) prior to experimentation. Ad libitum access to
food and water was provided.

For cannulation, rats were anesthetized with ether and
were placed in a stereotaxic instrument (David Kopf
Instruments, Tujunga, CA). A sagittal scalp incision was
made above the cannulation site, and a burr hole was
made in the calvarium to the level of the dura. The rats
were unilaterally implanted with two 28 gauge stainless
steel cannulae (Small Parts, Inc., Miami, FL) in the right
corpus striatum (coordinates A +1.5 mm, L. 2.0 mm and
3.0 mm, and V 5.0, mm, using bregma as reference). The
implanted cannulae were affixed to the calvarium by
using ivory grip cement (LD. Caulk Co., Milford, CA),
and a machine screw (Small Parts, Inc.) was attached to
the skull approximately 6 mm posterior to the implanted
cannulae. A piece of Tygon tubing was centered around
the implanted cannulae for protection and was affixed
with grip cement to the cannulae cement support. The
skin around the implanted cannulae was sutured, and
the rat was allowed to recover for 24 to 36 hr prior to
experimentation. The radiolabeled amino acid solutions
were lyophilized and resuspended (at a concentration of
20 uCi/ul) in 0.05 M sodium phosphate, pH 7.4, contain-
ing 0.15 M sodium chloride.

Prior to amino acid infusion, the rats were lightly
anesthetized with ether and were placed in the stereo-
taxic instrument. Each of the two infusion cannulae was
connected to approximately 25 mm of polyethylene tub-
ing which was filled with the **S- or *H-amino acid
solution(s). This polyethylene tubing was connected to
each cannula, and 2 pl of amino acid solution were
delivered to the infusion site with the aid of a microliter
syringe (Hamilton Co., Reno, NV) over a 10-min period.
The polyethylene tubing was then connected to the outlet
tubing of an osmotic minipump (Alzet 2001, Alza Corp.,
Palo Alto, CA). The osmotic minipumps were filled with
0.02% Coomassie brilliant blue in distilled water and
were pre-incubated in 0.9% saline for 12 hr at 37°C prior
to use. The minipumps were subcutaneously implanted
in the area of the lower thoracic spinal cord. The poly-
ethylene tubing was coiled and affixed to the rat by clear



The Journal of Neuroscience

Substance P Synthesis and Transport in the Basal Ganglia

771

STRATEGY FOR THE STUDY OF THE IN VIVQ BIOSYNTHESIS OF STRIATONIGRAL 2°S- OR *H- SUBSTANCE P

EXPERIMENTAL PARADIGM

STRIATAL STEREOTAXIC CANNULATION
!
AMINO ACID INFUSION BY OSMOTIC MINIPUMPS

¢

DECAPITATION

MICRODISSECTION OF STRIATUM, STRIATONIGRAL FASCICULUS

AND SUBSTANTIA NIGRA
|

Y

CARRIER PEPTIDE ADDITION AND TISSUE HOMOGENIZATION

i

TISSUE EXTRACTION

v ACID
PRECIPITATE

ACID SOLUBLE
FRACTION

SUBSTANCE P PURIFICATION
AND QUANTITATION

355~ oR *H- SUBSTANCE P PURIFICATION
ND QU 0

ACID SOLUBLE FRACTION
'
i

Y

C-18 SEP PAK

' Y

0.1l% TFA 50% 2-PROPANOL
in 0.1% TFA

HPLC #1

HPLC #2

»
N i

HPLC #3

-

;Chemical Sulfoxidation

i

HPLC #4

Figure 1. Experimental strategy for the study of the in vivo biosynthesis of striatonigral [*S]- or [*H]substance P. The left
portion of the figure depicts the various stages of the experimental paradigm. The right portion of the figure lists the steps

involved in the purification and quantitation of radiolabeled SP.

adhesive tape which was anchored to the Tygon tubing
around the implanted cannulae (for protection). The rat
was then taken out of the stereotaxic instrument and
was allowed to recover from anesthesia. Each radiola-
beled amino acid solution continuously flowed to the
infusion site at a rate of 20 uCi/ul/hr/cannula. The flow
of the amino acid solution was easily monitored by
observing the displacement of the amino acid solution
by the Coomassie dye (separated by 2 ul of air). At the
end of the labeling period (16 hr) the rats were lightly
anesthetized, killed by decapitation, and the cannulae
were removed. The brain was removed and was frozen
on dry ice.

Tissue dissections and extraction. The ipsilateral cor-
pus striatum, the ipsilateral striatonigral fasciculus (ansa
lenticularis), and the ipsilateral substantia nigra were
separately dissected from frozen coronal brain sections
as depicted in Figure 2 using the following rostral-caudal
coordinates (reference point is bregma): striatum, +2.5
mm to +0.5 mm; striatonigral fibers, + 0.5 mm to —2.5
mm; and substantia nigra, —2.5 mm to —5.0 mm. The
frozen tissue samples were homogenized in glass micro-
homogenizers (Micro-Metric Instrument Co., Cleveland
OH) containing 2.0 M acetic acid, 2.56% (-mercaptoeth-
anol, 50 ug of carrier SP and lug carrier amino acid(s).
The acid homogenates were transferred to flint glass

tubes, boiled for 5 min to inactivate proteases, and stored
at —80°C prior to processing.

The striatal, striatonigral fiber, and substantia nigra
samples were processed for quantitation of total tissue
radioactivity (**S or H), radioactive trichloracetic acid
(TCA; 10%, w/v)-precipitable protein, 10% TCA-soluble
radioactivity, and [**S]- or [*'H]SP. The 2.0 M acetic acid
homogenate was made 10% with respect to TCA by
addition of a 100% TCA solution and was centrifuged at
2560 X g in a Beckman J-6B refrigerated centrifuge. The
resulting pellet was re-extracted with 10% TCA in 2.0 M
acetic acid containing 2.5% B-mercaptoethanol and cen-
trifuged as above. The supernatants were combined and
were passed over a C-18 Sep-Pak cartridge (Waters, Inc.,
Milford, MA).

The cartridges were rinsed with 5 ml of 0.1% (v/v)
trifluoroacetic acid (TFA), and the peptide-containing
fraction was eluted with 3 ml of 50% (v/v) 1-propanol in
0.1% TFA. The propanol eluate from the C-18 cartridge
was lyophilized prior to HPLC.

High performance liquid chromatography. Solutions for
liquid chromatography were prepared with deionized
glass distilled water prefiltered with a Milli Q water
purification system (Millipore Corp., Bedford, MA). Sol-
vent mixtures for HPLC were prepared with HPLC-
grade acetonitrile which was filtered through an FH
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Figure 2. Schematic illustration of the rat striatonigral projection and the cannulation scheme for the study of the in vivo
biosynthesis and transport of substance P. As depicted, the right corpus striatum is cannulated for amino acid infusion, and the
three regions of this peptidergic projection (the area of cell bodies, axons, and terminals) are separately dissected for biochemical
analyses. A coronal section (4) is placed approximately at the caudal end of the rostral portion of the corpus striatum, the area
of substance P cell bodies which project to the substantia nigra. Another coronal section (B) is placed approximately through
the middle of the ansa lenticularis, the area of striatonigral substance P axons. A final coronal section (C) is placed at the caudal
end of the substantia nigra. Other details are provided in the text.

Millipore filter (0.5 um). Aqueous HPLC solutions were
filtered through an HA Millipore filter (0.45 um).

The HPLC assembly consisted of a Waters Associates
liquid chromatograph equipped with a model U6K injec-
tor, two model 6000A pumps, and a model 660 program-
mer. Ultraviolet detection was performed using a Waters
model 450 variable wavelength absorbance detector. A
Hewlett-Packard (Palo Alto, CA) model 3388 integrating
computer was used to quantitate peak area. Chromatog-
raphy was performed using 4 mm X 30 ¢cm reverse phase
C-8 or C-18 columns (10 um particle size; Brownlee Labs,
Santa Clara, CA).

Purification of radiolabeled substance P. The lyophi-
lized propanol eluates from the C-18 cartridges were
subsequently analyzed by sequential HPLC. Prior to
chromatography, the lyophilized propanol eluates were
resuspended in 100 ul of 0.1% TFA and clarified by
centrifugation at 5000 X g/min. The following chroma-
tographic systems were used: (1) HPLC 1—chroma-
tography on a C-8 column using an exponential aceto-
nitrile gradient (program 3, 1 to 28% CH3;CN) in 0.1 M
sodium phosphate and 0.1 M phosphoric acid, pH 2.5
(buffer A) over a 50-min period at a 1 ml/min flow rate;
(2) HPLC 2—chromatography of SP-co-migrating ma-
terial on a C-18 column using a linear acetonitrile gra-
dient (1 to 60%) in buffer A over a 50-min period at a 1
ml/min flow rate; (3) HPLC 3-chromatography of SP-
co-migrating material on a C-18 column using an expo-
nential acetonitrile gradient (program 3, 1 to 28%) at a
1 ml/min flow rate; (¢) HPLC 4—chromatography of SP
sulfoxide under conditions for HPLC 1. The SP peak
(visible and quantifiable at 210 nm due to the presence
of carrier peptide) was collected; 10% of it was taken for
specific radioactivity determination, and the remainder

was lyophilized and then redissolved in 0.1% TFA for
subsequent HPLC. The quantity of SP carrier recovered
was determined by digital integration of the absorbance
of the SP peak at 210 nm and was related by linear
regression to a standard curve obtained with synthetic
SP. A standard curve was determined for each HPLC
system. The amount of carrier SP added, relative to the
amount of acid-soluble 210-nm absorbing material, and
the chromatographic separation of SP from this material
and from SP proteolytic and oxidation products in these
systems ensured that quantitation by absorption meas-
ured only undecapeptide SP. Similar procedures were
used for the quantitation of SP-Met'!-sulfoxide.

Sulfoxidation of radiolabeled substance P. For all tissue
samples, the radiochemical purity of the isolated radio-
labeled SP was verified after specific derivative forma-
tion to SP-Met''-sulfoxide (Floor and Leeman, 1980)
and further HPLC. The SP-containing fraction(s) from
the penultimate HPLC step (after specific radioactivity
determination) was lyophilized and resuspended in a
solution containing 25 ul of 12 M hydrochloric acid, 50
ul of glacial acetic acid, and 10 ul of dimethyl sulfoxide
(Brot et al., 1981). The reaction tube was sealed with
Parafilm (American Can Co., Greenwich, CT) and was
incubated at 22°C for 30 min. This sulfoxidation reaction
mixture was subjected directly to HPLC as described
above. Quantitation of SP-met''-sulfoxide was per-
formed by subjecting synthetic SP to the sulfoxidation
reaction described above, followed by HPLC using sys-
tem 4. Under these reaction conditions, the conversion
of SP to SP-Met!'-sulfoxide was quantitative.

*H and *8 liquid scintillation spectrometry. Aliquots of
tissue extracts were taken for *H or S radioactivity
determinations using a Beckman liquid scintillation
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counter. All radioactivity determinations were performed
in a °®H window channel and a total S-energy channel.
Radioactivity from HPLC profiles was measured in 100-
ul or 1000-ul HPLC aliquots in 10 ml of Scinti Verse
(Fisher) liquid scintillant. Overall *H efficiency was 45%,
and **S efficiency was 92%. Tritium radioactivity was
quenched by the HPLC eluate; thus, a quench correction
was used for all °H counting.

Substance P radioimmunoassay. SP radioimmunoas-
say was performed using a rabbit anti-SP antiserum (R-
5) generously provided by Drs. J. Kessler and 1. Black
{Cornell Medical School). Synthetic SP served as the
reference preparation, and Tyr®-SP was used for ra-
dioiodination as described (Mroz and Leeman, 1979).
The iodination reaction mixture was partially purified
by Sep-Pak adsorption and elution as described above,
followed by HPLC on a C-8 column using an exponential
acetonitrile gradient (program 3, 1 to 23% CH3;CN) over
a 50-min period. This HPLC system resolves monoiodo-
Tyr®-SP (42-min retention time) from its noniodinated,
diiodinated, and sulfoxide forms. The linearity of the
radioimmunoassay procedure (using log/logit regression)
extended from 15 to 90% of the total binding. The
sensitivity of the asssay, defined by 80% of the total
binding, was from 3 to 5 pg. The SP antiserum bound 30
to 40% of the ['**I]Tyr-SP in the buffer control tubes at
a 1:240,000 final dilution. The R-5 antiserum displayed
equimolar cross-reactivity with Met"'-SP sulfoxide and
varying degrees of cross-reactivity with amidated C-ter-
minal sequences of SP. Unreactive peptides (<0.01%)
included Phe-Gly-Leu-Met-NH,, Gly-Leu-Met-NH,,
Arg-Pro-Lys-Pro, bombesin, neurotensin, arginine va-
sopressin, oxytocin, luteinizing hormone-releasing hor-
mone, a-melanocyte-stimulating hormone, 3-endorphin,
cholecystokinin, angiotensin, methionine enkephalin,
and leucine enkephalin.

Tritium autoradiography. Following a 16-hr infusion
with ®H-amino acids as described above, some rats were
anesthetized and perfused transcardially with 0.75% so-
dium chloride in 0.1 M potassium phosphate, pH 7.4,
followed by perfusion with a modified Carnoy’s solution
(6:1, 95% ethanol:glacial acetic acid). The cannulae were
removed from the brain, and the brain was postfixed for
2 hr, dehydrated, cleared, and embedded in paraffin.
Transverse sections were cut (10 um), and every tenth
section was mounted onto slides. The sections were freed
of paraffin in xylene, rehydrated, coated with Kodak
NTB-2 emulsion, and stored at 4°C for 3 days to 2 weeks.
The slides were developed in Kodak D-19 developer at
15°C, fixed in Kodak fixer, stained with thionin, and
coverslipped.

Results

In vivo biosynthesis of [°S]- and PHJ]SP in the stria-
tum and their transport to the substantia nigra. Rats were
unilaterally cannulated in the rostral corpus striatum
and 24 hr later were continuously infused with either
[**S]methionine or an equimolar mix of [*H]leucine and
[*H]proline at a rate of 1 wl/hr/cannula as described
under “Materials and Methods.” The rats did not seem
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to be disturbed by the amino acid delivery system since
they exhibited normal motor and grooming behavior
and/or slept during most of the infusion period. Rats
were decapitated after a 16-hr continuous infusion of
%S or *H-amino acid(s), and the radiolabeled SP was
extracted and purified from the ipsilateral neostriatum,
the striatonigral fasciculus, and the substantia nigra. A
schematic illustration of the site of cannulation and the
approximate regions of this anatomical projection is pre-
sented in Figure 2.

Table I summarizes the isolation and purification of
[**S]SP from distinct portions of the striatonigral path-
way after [**S]methionine infusion into the corpus stria-
tum. The total tissue **S radioactivity in the striatonigral
fiber region and in the substantia nigra was 45% and 4%,
respectively, of that present in the striatal infusion re-
gion. The radioactivity present in the fiber region and in
the substantia nigra presumably represents striatopalli-
dal and striatonigral projections. In all three regions,
greater than 70% of the total tissue **S is present in the
form of 10% TCA-precipitable protein. Figure 3 shows
the UV absorbance and **S radioactivity pattern of the
HPLC 1 fractions from each of the three striatonigral
regions. The corresponding radioactivity pattern repre-
sents one-tenth of the total extract recovered at this
stage of purification. The retention time of carrier SP
was the same in each of the three striatonigral regions
and also the same as that obtained with pure standard.
The radioactivity profiles of the substantia nigra and
striatonigral fiber region generally showed peaks co-
eluting with carrier SP, while no peak was observed in
striatal extracts at this purification step due to the
significant levels of contaminating radioactivity. Many

TABLE 1
Summary of the isolation and purification of [*S]substance P from
distinct striatonigral regions after [**S]methionine infusion into the
corpus striatum

Region Analyzed®

Striatum StrlIf‘aitl;);;gral Sullilsitg?;tna
cpm cpm com
Total tissue *S 92 x 107  41x107 3.3 x 10°
10% TCA ppt 6.8 x 107 3.8 x 107 2.8 X 10°
10% TCA-soluble *S 24x10° 3.0x10° 4.7x10°
extract
C-18 cartridge *S reten- 2.4 x 105 2.7 x 10° 9.0 X 10*
tate
HPLC purification Specific activity®
1 (SP) 75,100 7,890 3,590
2 (SP) 9,150 4,180
3 (SP) 1,210 1,230 2,640
4 (SPSO) 1,420 1,220 2,350

¢ All data are expressed as counts per minute, n = 2; %S counting
efficiency was 88%.

® The specific radioactivity of [**S]substance P-containing fractions
is expressed as counts per minute of [*S]substance P per 50 ug of
carrier peptide added initially. The HPLC systems used are described
in the text. The substance P (SP)-containing fractions were subjected
to sulfoxidation, and the [**S]substance P sulfoxide (SPSO) was quan-
tiated in HPLC 4.
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Figure 3. High performance liquid chromatography of {*S]
substance P from discrete striatonigral regions after continuous
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HPLC as described in the text. SP, substance P.
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other radioactive peaks were observed with each of the
three extracts.

The HPLC fractions containing carrier SP were ly-
ophilized and resuspended prior to further HPLC. [**S]
SP was purified from each of the three regions by se-
quential HPLC to a constant specific radioactivity (Ta-
ble I). Prior to the third HPLC (substantia nigra) or
fourth HPLC (striatal and striatonigral fiber regions),
the SP-containing fraction was converted chemically to
SP-Met!!-sulfoxide in order to demonstrate unequivo-
cally that the radioactivity was incorporated into the
undecapeptide. The HPLC trace of the sulfoxide deriv-
ative of SP from each of the striatonigral regions is
presented in Figure 4. The radiochemical purity of the
isolated [**S]SP (from the penultimate HPLC step) was
from 89% (substantia nigra) to greater than 98% (striatal
and striatonigral fiber regions) when compared to the
specific radioactivity of SP-met''-sulfoxide from the final
HPLC step. The amount of [**S]SP synthesized de novo,
relative to the total tissue S at the time of harvest, was
0.0015%, 0.0030%, and 0.071% for the striatum, striato-
nigral fasciculus, and substantia nigra, respectively.

Table II summarizes the isolation and purification of
[PH]SP from distinct striatonigral regions after [°H]
leucine and [*H]proline infusion into the corpus stria-
tum. A gradient of ®*H radioactivity is observed in the
three regions of this projection system. The total tissue
3H in the striatonigral fiber regions and substantia nigra
was 21% and 2%, respectively, of that present in the
striatal infusion area. From 53% (substantia nigra) to
79% (striatum) of the total tissue *H present in homog-
enates was in the 10% TCA-precipitable fraction. [*H]
SP was purified by sequential HPLC from each of the
three striatonigral regions as described above for [*S]
SP. The radioactivity profiles from the first HPLC step
(Fig. 5) showed small peaks co-eluting with carrier SP
in the substantia nigra and striatonigral fiber regions,
whereas no peak was observed co-eluting with carrier SP
in the striatal extract chromatogram. Somewhat higher
background levels of *H radioactivity were observed in
each of the three regions compared to the [*S]methio-
nine labeling. Other unidentified radioactive peaks were
observed in each of the three chromatograms after [°H]
leucine and [*H]proline labeling. Many of these radiola-
beled compounds had different elution properties than
those observed in the [*S]methionine labeling experi-
ments. The amount of [°H]SP synthesized de novo rela-
tive to the total tissue *H at the time of harvest was
0.0025%, 0.011%, and 0.27% for the striatum, striatoni-
gral fasciculus, and substantia nigra, respectively.

High recovery of carrier SP was obtained at each of
the HPLC steps described above, which was necessary
in order to follow the specific radioactivity associated
with the SP-containing fractions. Overall carrier peptide
recovery from the initial extraction step up to HPLC 1
was 48.4 + 3.6% (n = 12). Carrier peptide recoveries for
HPLC 2 and HPLC 3 were 85.3 + 2.1% (n = 8) and 88.7
*+ 1.3% (n = 12). Carrier SP recovery from the chemical
sulfoxidation step (using the SP fraction from the pe-
nultimate HPLC step) and subsequent HPLC was 63.2
+ 6.1% (n = 12). Thus, carrier peptide recovery for the
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Figure 4. High performance liquid chromatography of [*S]
substance P sulfoxide from discrete striatonigral regions after
continuous infusion of [**S]methionine into the rostral corpus
striatum. The SP-containing fractions(s) from the penultimate
HPLC step was converted to the sulfoxide form by dimethyl
sulfoxide in acid and subjected directly to HPLC as described
in the text. Fifty to 100% of each HPLC fraction was used for
liquid scintillation counting, and this was superimposed onto
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TABLE II
Summary of the isolation and purification of [*H]substance P from
distinct striatonigral regions after [*H]leucine and [PH]proline infusion
into the corupus striatum

Region Analyzed®

Striatum Str?itl(’);lsgral SUII:ISi?thla
cpm cpm cpm
Total tissue *H 3.3 x 107 6.8 X 10° 6.6 X 10°
10% TCA ppt *H-pro- 2.6x 10" 4.6 x 10° 3.5 xX10°
tein
10% TCA-soluble *H 6.5 X 10° 2.1 X 10° 3.1 x10°
extract
C-18 cartridge *H reten- 12x10° 26%10° 5.8 % 10*
tate
HPLC purification Specific activity
1 (SP) 29,100 19,900 9,060
2 (SP) 4,310 3,280
3 (SP) 810 880 1,770
4 (SPS0O) 820 780 1,750

“ All data are expressed as counts per minute, n = 2. *H counting
efficiency ranged from 26% to 42%, and all data were normalized to
42% efficiency. For other details, refer to Table I and the text.

entire purification was from 17 to 22% (n = 12). From
the total amount of carrier SP added, from 25% to 35%
was used in liquid scintillaton counting,

Relationship of SP content to radiolabeled SP in dis-
crete striatonigral regions. When measured by a specific
radioimmunoassay, the absolute amount of SP was ap-
proximately 2-fold greater in the substantia nigra com-
pared to that in the striatum and striatonigral fiber
regions. The SP content in the three regions on a per
region basis is presented in Figure 6. The amount of SP
biosynthesized de novo in the foregoing constant amino
acid infusion experiments is highly correlated with the
SP content in each of the striatonigral regions. The
correlation coefficients of biosynthesized SP (counts per
minute of SP per region) relative to the SP content
(nanograms of of SP per region) are r = 0.967 and r =
0.992 for the *H labeling experiment and the **S labeling
experiment, respectively.

Autoradiographic analysis of the striatonigral projection
after striatal *H-amino acid infusion. After continuous
infusion of [*H]leucine and [*H]proline into the rostral
corpus striatum as described under “Materials and Meth-
ods,” autoradiographic studies showed that a dense la-
beling was observed throughout the ipsilateral striato-
nigral projection as shown in Figure 7. Heavily labeled
fibers were seen leaving the infusion site caudally, form-
ing a distinct fiber bundle. This bundie projected cau-
doventrally, forming a dense terminal plexus within the
reticulata portion of the substantia nigra. Most other
structures adjacent to the substantia nigra showed back-
ground levels of radioactivity, as did the contralateral
substantia nigra. These radiolabeled structures, particu-
larly those in the substantia nigra, closely correspond to

the absorbance profile (after background subtraction and cor-
rection for carrier peptide recovery). SPSQO, substance P sulf-
oxide.



3i-Leu and 3H-Pro INFUSION
0.8 STRIATUM 12.8
“
- n
N
I
HH 10
~ o e
e
£ v
° " -
o i s
3 L
0.4
- L]
Q '
F so ©
H -
2 F
2 [
< 0.2 o
28 x
LJ
° °
o.8 STRIATONIGRAL  FIBERS
- I 20
E 06 i
€ N
° t
- o sr
4 Y v
- '.~ 15
- ;.:
w 04 ;e IR
Q0
=z ~
< ]
: e
4 =
- =
< 0.2 3
o
s X
B
° [
[ SUBSTANTIA  NIGRA
T e
€
c
o
4 sP
L
R Y
w
Qo 1
H 0
] 1
-3
: %
a2 2
<
. =
k3
a
v
X
L

[} 10 20 30 4“0 S0

ELUTION VOLUME 'mi.}

Figure 5. High performance liquid chromatography of [*H]
substance P from discrete striatonigral regions after continuous
infusion of [*H]leucine and [*H]proline into the rostral corpus
striatum. Details are provided in the legend to Figure 3 and in
the text.

previously published SP maps in this region (Cuello and
Kanazawa, 1978; Ljungdahl et al., 1978).

Discussion

This report describes our procedures for the adminis-
tration of radiolabeled amino acids into the corpus stria-
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tum of rats using osmotic minipumps and a series of
HPLC procedures for the rigorous purification of radio-
labeled SP from discrete regions of the striatonigral
projection. We have previously used similar cannulation
and amino acid delivery techniques for the study of
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Figure 6. Comparison of substance P content with that of
radiolabeled substance P in discrete striatonigral regions after
continuous infusion of the rostral corpus striatum with either
[**S]methionine or [*H]leucine and [*H]proline. SP content for
each striatonigral region (n = 6) was measured by radioimmu-
noassay as described under “Materials and Methods.” Radio-
labeled SP was quantitated in each of the striatonigral regions
by HPLC purification and derivative formation (n = 2) as
summarized in Tables I and II. In all of the histograms pre-
sented, the standard error of the mean was less than 20% of
the reported mean.

striatum
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Figure 7. Tritiated amino acid autoradiography of the rat striatonigral projection after continuous infusion of [*H]leucine and
[*H]proline into the rostral corpus striatum. Heavy silver grain label is evident in these lightfield photomicrographs in the
striatum (A4 ), the ansa lenticularis (B), and the substantia nigra (C and D). The calibration bar represents 1000 ym in A and 100
um in B to D. ¢s, corpus striatum; lsn, lateral septal nucleus; al, ansa lenticularis; mhn, medial habenular nucleus; sn, substantia
nigra; pe, posterior commissure; sc, superior colliculus; ip, interpeduncular nucleus.

hypothalamic LHRH biosynthesis (Krause et al., 1982a).

In the present studies, the identity of the [*S]SP or
[*H]SP was established by purification of the undecapep-
tide to a constant specific radioactivity using different
HPLC systems. Chemical derivatization of the isolated
SP to Met''-SP sulfoxide, and further HPLC unequivo-
cally established that the radiolabeled amino acids were
incorporated into the undecapeptide. Thus, strictly
chemical procedures may be successfully used for the
purification of SP along the trajectory of these pepti-
dergic neurons in order to assess the dynamics of the in
vivo biosynthesis of SP in the corpus striatum and its
transport to the substantia nigra.

Immunoadsorption or bioadsorption techniques were
not used in the present study. Instead, radiolabeled SP
was separated from many cellular constituents by ad-
sorption to a hydrophobic Sep-Pak cartridge. Then, pep-
tide separation was achieved by gradient elution HPLC
techniques. Within the striatum, greater than 99.99% of
the **S or *H radioactivity represented contaminating
radiolabeled species. Within the substantia nigra, 99.9%
and 99.56% of the radioactivity present represented con-
taminating species in the [*S]methionine and [*H]leu-
cine/[*H]proline labeling, respectively. Regardless of the
level of contaminating species present in each of the
striatonigral regions, however, unequivocal demonstra-
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tion of the level of incorporation into authentic SP was
achieved by purification to homogeneity. The high recov-
ery of carrier SP throughout the various HPLC steps
was necessary to determine unequivocally the amount of
isotope incorporated into the undecapeptide, particularly
for the striatal and striatonigral fiber regions.

The autoradiographic analysis performed on the rat
brain after [*H]leucine and [*H]proline labeling of the
corpus striatum provides anatomical evidence which sup-
ports the specificity of the amino acid infusion paradigm.
It is well established that the major efferent projections
of the corpus striatum are those to the globus pallidus
and to the substantia nigra (Szabo, 1962, 1967, 1970;
Nauta and Mehler, 1966; Bunney and Aghajanian, 1976;
Domesick, 1977; Brodali, 1981). The SP-positive cell bod-
ies which project to the globus pallidus and to the sub-
stantia nigra have their origin in the rostral portion of
the striatum (Hong et al., 1977; Brownstein et al., 1977,
Jessell et al., 1978). The SP-containing axons leaving the
striatum pass through the globus pallidus and enter the
ansa lenticularis (Palkovits et al., 1978) as they course
to the substantia nigra. The autoradiographic analysis
provided herein clearly depicts this striatonigral projec-
tion, showing very dense specific labeling of the substan-
tia nigra pars reticulata. The distribution of SP-contain-
ing terminals in the substantia nigra pars reticulata
closely matches the autoradiographic distribution of sil-
ver grains that were observed in this structure. The
possibility exists that some of the radioactive SP found
in the region of the striatonigral fibers is contained not
in axons, but in nerve terminals on entopeduncular neu-
rons. Although some autoradiographic grains were ob-
served in periventricular structures, this was expected
since the medial-most indwelling cannula was situated
approximately 0.75 mm from the lateral ventricle. The
microdissection procedures used ensured that the radio-
activity present in the striatonigral fiber region and
substantia nigra did not include any periventricular
structure.

The present studies indicate that the [*S]SP and [°H]
SP present in each of the three striatonigral regions is
highly correlated with the SP content of each region as
measured by radioimmunoassay, suggesting that de novo
biosynthesized SP equilibrates with the tissue pools of
SP in this 16-hr continuous labeling time. However, the
rate of SP synthesis and turnover cannot be accurately
estimated until pulse-labeling experiments on SP biosyn-
thesis in the striatonigral projection are completed (stud-
ies in progress).

Recently, two other studies have been published on
the in vivo biosynthesis of SP in the corpus striatum and
its transport to the substantia nigra. Sperk and Singer
(1982) used manual injection of [**S]methionine over a
4-hr period into the striatum in order to observe synthe-
sis and colchicine-sensitive transport of SP to the sub-
stantia nigra. These workers used pooled tissues (striata
or substantia nigrae) from six rats to provide evidence
for synthesis and transport. [**S]SP was purified by
multiple chromatographic steps including gel permeation
chromatography and ion exchange chromatography, with
HPLC, paper electrophoresis, and immunoadsorption
techniques on selected samples, necessitating long pro-
cessing times. Torrens et al. (1982) implanted the stria-
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tum of rats with push-pull cannulae to study the biosyn-
thesis of [*S]SP from [**S]methionine and its transport
to the substantia nigra. [**S]SP biosynthesis was esti-
mated by using immunoadsorption and HPLC tech-
niques. These studies are of interest, but it should be
pointed out that the establishment of radiochemical pu-
rity is essential to quantitative studies on SP biosyn-
thesis and dynamics, since many radiolabeled contami-
nants, many with properties similar to SP, are found in
the tissues (Tables I and II). In addition, our studies
represent an approach to striatal SP biosynthesis that
can be carried out conveniently at the individual animal
level with effective labeling of the protein and peptide
pools.

At the present time, no reliable information exists on
the chemical nature of the putative protein precursor of
SP in any neuronal system, although it has been observed
that the synthesis of radiolabeled SP in dorsal root
ganglia explants (Harmar et al., 1981) and in the striatum
in vivo (Torrens et al., 1982) is sensitive to the protein
synthesis inhibitor cycloheximide. Our work can provide
valuable information with regard to the issue of the SP
precursor on two accounts. First, the results of the ex-
periments described above define the limits on the
amount of striatonigral tract SP that has its origin in
the striatum. This information can be useful to those
interested in defining the precursor protein to SP by
recombinant DNA methods. From 0.004% ([**S]methio-
nine labeling; Table I) to 0.008% ([*H]leucine and [*H]
proline labeling; Table II) of the total radioactivity in
the striatonigral tract is present in undecapeptide SP. If
the mRNA species coding for SP does not have an
appreciably different half-life than other brain mRNAs,
then one would expect as a minimal estimate between
0.004% and 0.008% of the mRNA species from the rat
striatum to code for the SP precursor protein. Taking
into account the fact that precursor proteins of other
neuropeptides can be about 10-fold greater in molecular
weight (Herbert and Uhler, 1982), this estimate could be
as much as 10-fold higher (that is, from 0.04% to 0.08%).
Secondly, using the described cannulation and radiola-
beling techniques in a pulse-labeling fashion, we have
observed relatively large amounts of authentic radiola-
beled SP in the striatum after short time intervals (2 to
4 hr) after the start of isotopic amino acid infusion. This
indicates that SP precursor processing occurs rapidly
within the striatum locally. Thus, short time intervals
after isotope infusion can be used in conjunction with
antibodies that cross-react with SP free acid (the se-
quence of SP present in a putative precursor) to isolate
and characterize putative precursor protein(s) to SP.

In conclusion, the present results indicate that neu-
ropeptide biosynthesis in the CNS can be studied by
using the described techniques of in vivo labeling of a
discrete neuronal projection and a series of HPLC steps,
used in conjunction with derivatization of the product
peptide, to assess the de novo biosynthesis and axonal
transport of a particular neuropeptide. These experimen-
tal and analytical procedures can be used to assess the
activity of this SP pathway in response to various phys-
iological and pharmacological treatments to determine
the directionality and extent of neuronal feedback sig-
nals. Moreover, these cannulation and labeling proce-
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dures may be of general interest and utility in anatomical
studies examining neuronal circuits within the CNS as
well as in biochemical studies examining protein and
peptide processing reactions in discrete neuronal projec-
tions.

Note added in proof. Since the submission of this paper,
Nawa et al. (1983) have published the nucleotide se-
quences of cloned recombinant cDNA’s for two types of

bovine striatal substance P precursor.
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