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Isoosmotic Isolation of Rat Brain Synaptic Vesicles, Some of Which 
Contain Tyrosine Hydroxylase
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Rat brain synaptic vesicles were isoosmotically isolated and examined for Mg2+-
ATPase [EC 3.6.1.3.] and tyrosine hydroxylase [EC 1.14.16.2.] associated with the syn-
aptic vesicles. Synaptosomes in 0.32 M sucrose were disrupted by freezing and thaw-
ing treatment, and the cytosol fraction was fractionated on a Sephacryl S-500 column
with a mean exclusion size of 200 nm. Peak I at the void volume was a mixture of large
vesicular membranes, small amounts of synaptic vesicles and coated vesicles, etc.
Peak II consisted of non- and granulated synaptic vesicles of 35–40 nm diameter, and
peak III of soluble proteins. The synaptic vesicles in peak II reacted with antibodies
against the H+-ATPase A-subunit, vesicular acetylcholine transporter, and vesicular
monoamine transporter. However, they showed little Mg2+-ATPase activity. Tyrosine
hydroxylase was observed in either peak II or III on blotting with an anti-tyrosine
hydroxylase antibody. These results imply that tyrosine hydroxylase exists in soluble
and bound forms to synaptic vesicles in nerve terminals.
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In many animals, nerve impulse transmission across the
synapses is achieved through a chemical process; chemi-
cal transmitter substances are released from the pre-syn-
aptic region and bring about excitation of the post-synap-
tic membrane. According to the vesicle hypothesis as to
the release process (1), neurotransmitters such as acetyl-
choline, noadrenaline, and dopamine are packaged inside
synaptic vesicles, intracellular organelles of ~40–100 nm
diameter, and they are exocytotically released through
fusion of the vesicle membrane with the plasma mem-
brane of the nerve terminal. Since synaptic vesicles are
recycled to make up for the insufficient supply of them
from the cell body, they are replenished with neurotrans-
mitters from the cytosol by means of an electrochemical
proton gradient potential (∆µH+) generated by the mem-
brane proton-translocating Mg2+-ATPase (H+-ATPase)
(2–4). However, little is known about the precise mecha-
nism of the membrane fusion or the role of Ca2+ ions in
the coupling of nerve stimulation to the release of neuro-
transmitters.

In the previous paper (5), one of the authors (T.T.)
reported an isolation method for small agranular synap-
tic vesicles involving gel filtration chromatography on
Sephacryl S-500, the agranular vesicles being shown to
be devoid of Mg2+-ATPase activity. To confirm this, in the
present study we attempted to isolate synaptic vesicles
isoosmotically in order to minimize the loss of the vesicu-
lar contents due to osmotic shock. Additionally, it was
examined whether tyrosine hydroxylase (TH, tyrosine 3-
monoxygenase), the rate-limiting enzyme in the biosyn-
thesis of catecholamines (6), is associated with the synap-
tic vesicles, because Nagatsu and Nagatsu (7) have

bound forms to small granulated synaptic vesicles in
nerve terminals.

MATERIALS AND METHODS

Experimental Animals and Chemicals—Male Wistar
strain rats (4 weeks old) were used. Their brains were ex-
cised after decapitation and immersed in ice-cold 0.32 M
sucrose. Sephacryl S-500 HR (200 nm exclusion size) was
purchased from Amersham Pharmacia Biotech, Uppsala.
Anti-tyrosine hydroxylase antibodies (8) (mouse IgG1
raised against rat tyrosine hydroxylase, 60–68 kDa),
anti-vesicular acetylcholine transporter (VAChT) anti-
bodies (9) (rabbit IgG raised against a synthetic peptide
for rat VAChT), and anti-vesicular monoamine trans-
porter-2 (VMAT-2) antibodies (10) (guinea-pig whole
antiserum raised against a synthetic peptide for rat
VMAT-2) were purchased from Sigma-Aldrich Co., USA.
Anti-H+-ATPase A–subunit antibodies (11) (rabbit IgG
raised against a synthetic peptide for H+-ATPase A-
subunit, 72 kDa, of bovine adrenal chromaffin granules)
were from Wako Chem. Co., Osaka. Sequi-Blot™ PVDF
(polyvinilidene difluoride) membranes for protein se-
quencing (0.2 µm thick) were purchased from Nippon
Bio-Rad Lab., Tokyo. As molecular mass standards,
Amersham Rainbow markers (Amersham Pharmacia
Biotech), bovine serum albumin, and horse heart cyto-
chrome c (Sigma-Aldrich Co.) were used. 

Isolation of Synaptosomes—A crude synaptosomal P2-
fraction was prepared essentially according to Gray and
Whittaker (12). Twenty whole brains including the cere-
bellums were homogenized in 9 vol of ice-cold 0.32 M
sucrose using a Teflon-glass homogenizer at 300 rpm
with 6 up-and-down strokes. The homogenate was centri-
fuged at 1,300 × g for 25 min at 4°C to remove the cell
debris. The supernatant was centrifuged at 15,000 × g for
30 min. The precipitate, the crude synaptosomal P2-frac-
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tion, was gently homogenized in 4 vol. of ice-cold 0.32 M
sucrose.

Rupture of Synaptosomes by Freezing and Thawing
Treatment—The synaptosomal P2- fraction suspended in
0.32 M sucrose was frozen at –77°C and then thawed at
20°C. This treatment was repeated 3 more times to dis-
rupt synaptosomes isoosmotically. The lysate was centri-
fuged at 22,000 × g for 30 min to remove broken synapto-
somal membranes, etc., and then the supernatant (40–50
ml) was dialyzed against 0.1 M Tris-HCl–0.1 M KCl, pH
7.6, for 4 h at 0°C to remove excess sucrose. The dialyzate
was centrifuged at 47,000 × g for 30 min to remove insol-
uble substances. The resulting synaptosomal cytosol,
which was slightly turbid, amounted to 60–70 ml (1.0–1.4
mg protein/ml).

Gel Filtration Chromatography on a Sephacryl S-500
Column—About 700 ml Sephacryl S-500 was packed into
a glass column (2.9 cm i.d. × 110 cm gel bed height) and
then equilibrated with 0.1 M Tris-HCl–0.1 M KCl, pH
7.6. The synaptosomal cytosol, 25 ml, was applied on the
column and eluted with the same medium at the flow
rate 70 ml/h, 7 ml fractions being collected at 4°C, and
monitored photometrically at 280 nm as reported else-
where (5). It took about 8 h to elute all three peaks, I–III.

Electronmicroscopy—The components in peaks I and II
were collected by centrifugation at 110,000 × g for 90
min, and the pellets were fixed with 1% glutaldehyde,
and then postfixed with 1% OsO4 for 1 h on ice. Soluble
proteins in peak III were treated with 1% glutaldehyde at
0°C for 2 h, and the milky white precipitate produced was
collected by centrifugation at 110,000 × g. The pellet was
postfixed with 1% OsO4 similarly to as above. Thin sec-
tions on grids were stained with uranyl acetate and lead
citrate, and then examined under a JEM 1200EX electron-
microscope from Nihon Denshi Co., as reported (5, 13).

SDS-PAGE and Western Blotting—The proteins in
peaks I–III were concentrated to ~2 mg protein/ml by
centrifugtion at 110,000 × g for 90 min, and then treated
with 1% SDS (sodium dodecyl sulfate) and 5% β-mercap-
toethanol at 100°C for 3 min. Specimens (17–20 µg pro-
tein per well) were electrophoresed on a 9% polyacryla-
mide slab gel containing 0.1 M Tris-HCl, pH 8.6, and
0.1% SDS for 6–7 h at 40–60 V, 40–60 mA, and 25°C. Half
of the gel was stained for proteins with Coomassie blue.
Proteins in the other half of the gel were transferred to a
PVDF membrane and blotted with an anti-tyrosine

hydroxylase antibody. Components that reacted with the
antibody were visualized using an ECL plus Western
blotting detection system (Amersham Biosciences). After
a photograph had been taken, the same PVDF membrane
was again used to detect H+-ATPase. That is, the mem-
brane was treated with 6 M guanidine hydrochloride in
50 mM Tris-HCl, pH 7.4, for 30 min at 25°C in order to
detach the previous anti-tyrosine hydroxylase antibody.
The membrane, after washing 3 times with deionized
water, was blotted with anti-H+-ATPase A–subunit anti-
bodies as above. Blotting with anti-VMAT-2 and anti-
VAChT antibodies was similarly performed.

Assaying of ATPase Activity—Mg2+-ATPase activity was
measured in a reaction mixture of 2.2 ml comprising 0.1
M Tris-HCl, pH 7.6, 5 mM ATP, 6 mM MgCl2, and 1 ml of
each synaptic vesicle fraction at 30°C for 20 min, the
reaction being stopped with 1 ml of 10% trichloroacetic
acid. The amount of inorganic phosphate liberated on
ATP hydrolysis was photometrically determined at 725
nm according to the method of Martin and Doty (14).

Protein Concentrations—Proteins were determined by
the method of Lowry et al. (15) using bovine serum albu-
min (BSA) as the standard.

RESULTS

Gel Filtration Chromatography on a Sephacryl S-500
Column—Figure 1 shows a typical fractionation pattern
of the synaptosomal cytosol, 25 ml (1.2 mg protein/ml), on
a Sephacryl S-500 column with a mean exclusion size of
200 nm. Three peaks were eluted; peak I at the void vol-
ume was slightly turbid, and peaks II and III were clear
and colorless. It took about 8 h to elute all three peaks, as
previously reported (5).

Morphological Examination by Electronmicroscopy—
The contents of peaks I (fractions 39–48), II (52–69), and
III (73–90) were concentrated by centrifugation at
110,000 × g for 90 min, and the pellets were subjected to

Fig. 1. Fractionation of the synaptosomal cytosol on Sephacryl
S-500. The synaptosomal cytosol (25 ml, 1.2 mg protein/ml) was
fractionated on a 700 ml Sephacryl S-500 column (2.9 cm i.d. × 110
cm gel bed height), eluted with 0.1 M Tris-HCl–0.1 M KCl, pH 7.6.
Fraction volume, 7.0 ml; flow rate. 70 ml/h at 4°C. The effluent was
monitored photometrically at 280 nm. The absorbance of peak I is
not corrected for light scattering due to turbidity. Fractions 39–50
(peak I), 51–65 (peak II), and 69–90 (peak III) were concentrated
and subjected to electron-microscopic examination, etc.

Fig. 2. An electronmicrograph of peak II. Peak II consisted of
non- and granular synaptic vesicles of 35–40 nm diameter (taken at
×4,000, enlarged twice). Peak I was a mixture of large vesicular
membranes, synaptic vesicles, and clathrin-coated vesicles, and no
synaptic vesicles were were observed in peak III as reported (5).
Scale bar, 1 µm.
J. Biochem.
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electronmicroscopic examination. Peak I contained mis-
cellaneous large vesicular membranes of more than 100
nm diameter (5), probably derived from synaptosomal
plasma membranes, microsomes, etc., appreciable
amounts of synaptic vesicles of 40–50 nm, and coated ves-
icles (16). Some of the synaptic vesicles contained elec-
tron-dense granules. Peak II consisted almost exclusively
of small synaptic vesucles of 35–40 nm diameter, a
slightly small size probably due to the isoosmotic
medium. It was characteristic that nearly half of the ves-
icles contained electron-dense cores (Fig. 2). Peak III (sol-
uble fractions) contained filamentous materials (16),
there being scarcely any synaptic vesicles in the electron-
microscopic field, as reported previously (5).

SDS-PAGE and Immunochemical Examinations—The
protein components of the three peaks (separate fraction-
ations) were resolved by SDS-PAGE, and then Western
blotted with an anti-tyrosine hydroxylase antibody (8)
and an anti-H+-ATPase A–subunit antibody (11). As
shown in Fig. 3, SDS-PAGE of peak I (lane 3) revealed
components of relatively higher molecular weight (M.W.)
than 50 kDa, whereas peaks II (lane 2) and III (lane 1)
were additionally rich in lower M.W. components.

Figure 4A shows the Western blots; the protein compo-
nents of 70–72 kDa in peaks I (lane 3) and II (lane 2)
reacted with the anti-H+-ATPase antibody, this molecular
weight corresponding to that of the A-subunit, 72 kDa
(17), and the intensities of the Western blots of peaks I
(including unresolved components) and II were compara-
ble with each other. Curiously, soluble protein fractions of
peak III (lane 1) comprised two components of 72 and 35
kDa reactive with the anti-H+-ATPase antibody, although
synaptic vesicles were scarcely observed in this peak.
Similar M.W. components of around 35 kDa, however,
were not detected with the antibody in peak II. It is
uncertain at present whether this 35 kDa component is
one of the subunits of the H+-ATPase (17) or a degrada-
tion product of the 72 kDa protein (discussed later). Lane

4 shows Western blotting of the same synaptic vesicles as
used in the previous study (5). Taken together with those
of morphological examination, these results indicate that
the content of peak II must be synaptic vesicles. Figure
4B shows the Western blots with the anti-tyrosine
hydroxylase antibody. Protein components corresponding
to tyrosine hydroxylase, 62–66 kDa, in peaks I (lane 3)
and II (lane 2) reacted well with the antibody. Soluble
protein fractions of peak III (lane 1) in particular con-
tained multiple forms of the enzyme of 60 to 68 kDa. This
would be due to the polymorphism of tyrosine hydroxy-
lase (8). It was of interest that synaptic vesicles prepared
hypo-osmotically in the previous study (5) contained an
appreciable amount of tyrosine hydroxylase, as shown in
lane 4. From these results, which are consistent with the
report by Nagatsu and Nagatsu (7), rat brain tyrosine
hydroxylase must exist in two forms in nerve terminals,
soluble and associated forms with synaptic vesicles.

In order to further examine the properties of the syn-
aptic vesicles, immunoblotting with anti-VAChT (9) and
anti-VMAT-2 antibodies (10) was performed. As shown
Fig. 4C and D, components of 60–65 kDa and 65–70 kDa
in peak II (lane 2) reacted positively with the anti-VAChT
and anti-VMAT-2 antibodies, respectively, indicating that
the synaptic vesicles in this peak consist at least of
cholinergic and monoaminergic vesicles. Since synaptic
vesicles from brain are heterogeneous with respect to
neurotransmitters, this result is not surprising. Compo-
nents in peak I (lane 3) reacted significantly with both
antibodies but those in peak III (lane 1) scarcely did so.

Mg2+-ATPase Activity—Mg2+-ATPase activities of the
three peaks were examined. The enzyme activity was
exclusively detected in the fractions of peak I, the activity

Fig. 3. SDS-PAGE of peaks I–III. Proteins (17–20 µg per well)
were electrophoresed on a 9.0% polyacrylamide gel containing 0.1%
SDS, and stained for proteins with Coomassie blue. Lane 0, molecu-
lar mass standards, in kDa; lane 1, soluble protein components (18
µg) in peak III; lane 2, synaptic vesicles (20 µg) in peak II; lane 3,
miscellaneous vesicular membranes (17 µg) in peak I; lane 4, bovine
serum albumin (68 kDa) and cytochrome c (12 kDa) as standards.

Fig. 4. Western blots with antibodies specific for H+-ATPase
A–subunit (A), tyrosine hydroxylase (B), vesicular acetyl-
choline transporter (C), and vesicular monoamine trans-
porter-2 (D). Lane 1, soluble components in peak III; lane 2, syn-
aptic vesicles in peak II; lane 3, miscellaneous membraneous
components in peak I; lane 4, agranular synaptic vesicles used in
the previous study (5), which were prepared hypo-osmotically.
Vol. 136, No. 2, 2004
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of peak II being as low as 1/12 that of peak I, as shown in
Fig. 5. The specific activities of peaks I (fraction 45) and
II (61) were 4.3 and 0.36 (µmol ATP hydrolyzed/mg pro-
tein/h), respectively. This extremely weak activity of the
latter was inconsistent with the above finding that peak
II consisted solely of synaptic vesicles of high purity and
was well Western blotted with the anti-H+-ATPase anti-
body, compared with the case of peak I (including higher
M.W. components). Interestingly, peak III did not show
enzymic activity although it contained two components
(72 and 35 kDa) reactive with the anti-H+-ATPase anti-
body. The reason for this is not clear at present (discussed
later). Thus the intensities of the Western blots with the
anti-H+-ATPase A–subunit antibody were not always
consistent with the Mg2+-ATPase activities, as reported
previously (5). Finally, it should be noted that some com-
ponent(s) in peak III showed the ability to protect ATP
from autodegradation, as previously reported (5).

DISCUSSION

According to the current theory as to the exocytotic
release of neurotransmitters, the H+-ATPase in synaptic
vesicle membranes plays an inevitable role in neuro-
transmitter replenishment (2–4, 11, 18). That is, synaptic
vesicles that are recycled in nerve terminals have to take
up neurotransmitters promptly for the next exocytotic
release using the proton gradient potential (∆µH+) gener-
ated by the H+-ATPase. In the previous study (5), how-
ever, small agranular synaptic vesicles of rat brain,
which were hypo-osmotically prepared by filtration chro-
matography on Sephacryl S-500, showed little or no Mg2+

(or H+)-ATPase activity, although they were stained
immunochemically with an anti-H+-ATPase A–subunit
antibody, one of the subunits comprising catalytic domain
V1 of the H+-ATPase (11, 17). Such inconsistency was
also observed in the present study; synaptic vesicles iso-
lated in isoosmotic medium, nearly 50 % of which were

granulated, showed little activity of the enzyme (Fig. 5),
nevertheless these synaptic vesicles were positively
immunostained with antibodies specific for well known
synaptic vesicle markers, VAChT (9), VMAT-2 (10), and
H+-ATPase (11) (Fig. 4A, C and D). Since the Mg2+-
ATPase activity of the P2-fraction was substantially
unchanged before and after the freezing and thawing
treatment (9.5–9.9 and 10.5–11.4 µmol ATP hydrolyzed/
mg protein/h before and after treatment 4 times), this
discrepancy might not be due to inactivation of the
enzyme during isolation. The reason for it is not clear at
present. Curiously, peak III contained two components of
72 and 35 kDa reactive with the anti-H+-ATPase anti-
body, although membranous components, synaptic vesi-
cles, and Mg2+-ATPase activity were scarcely observed in
the soluble fractions, as previously reported (5). There is
the possibility that the catalytic domain V1 of the H+-
ATPase is detached from the synaptic vesicle mem-
branes, some of which is degraded into 35 kDa fragments,
because Morel et al. (19) have reported the separate
transport of H+-ATPase domains in axons as an inactive
V1 domain. According to Moriyama and Nelson (20),
their antibody against the 34 kDa subunit of the chroma-
ffin granule H+-ATPase can also recognize the 72 kDa
subunit. However, our present anti-H+-ATPase A–subu-
nit antibody was not able to react with the 34 kDa compo-
nent in peaks I and II (Fig. 4A), and our 35 kDa compo-
nent in peak III may be a degradation product derived
from the 72 kDa component. Further immunochemical
studies about the soluble components might provide us
with a clue to answer the question.

Tyrosine hydroxylase (TH) is the rate-limiting enzyme
in the initial step in the biosynthesis of catecholamines
(6), and the enzymic activity is regulated by both end-
product inhibition and phosphorylation by Ca2+-depend-
ent protein kinases (21–23). Nagatsu and Nagatsu (7)
have observed TH bound to granulated synaptic vesicles
and have suggested the possibility that the enzyme
present in synaptic vesicles is more susceptible to end-
product inhibition than the soluble form (6, 7). In the
present study we also observed the presence of TH associ-
ated with small synaptic vesicles, and the amount of the
bound form (peaks I + II) was comparable with that of the
soluble one (peak III) based on the intensities of their
Western blots (Fig. 4 B). The bound enzyme, not merely
adsorbed on the surface of synaptic vesicles, must be
present in the vesicles, for the synaptic vesicles were pre-
pared by gel filtration in high ionic strength-medium.
Dopamine β-hydroxylase is known to be present in amine
storage granules, and moves down to nerve terminals
through axonal transport (24–27), some of which would
be released through exocytosis into the bloodstream. How-
ever, little is known about the axonal transport of TH and
its subcellular distribution at nerve endings. The elucida-
tion of these problems is necessary to understand the reg-
ulatory mechanism for catecholamine biosynthesis.
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