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Abstract

We investigated intermittent hypoxia (IH) on dopamine (DA) release in rat brain treated with or
without amphetamine (AMPH). Rats were divided into four groups including normoxia, IH, AMPH,
and AMPH + IH treatments. The cerebrospinal fluid (CSF) was collected and the DA levels were detected
by high performance liquid chromatography (HPLC). The plasma prolactin (PRL) concentration was
measured by radioimmunoassay (RIA). We found that IH reduced basal DA concentration in media
prefrontal cortex (mPFC), but increased that in striatum, where DA level was also increased in rats
treated with AMPH or AMPH + IH. Angiotensin II (Ang II) increased the DA release in mPFC and
striatum and this effect was enhanced in AMPH + IH group. The stimulatory effect of IH on plasma
PRL was attenuated in presence of AMPH. Tyrosine hydroxylase (TH) expression was decreased by
IH, but increased by AMPH + IH in mPFC. IH or AMPH treatment decreased the expression of vesicular
monoamine transporter-2 (VMAT-2) in rat brain. These data suggested that IH altered the DA release
and changed the protein expression levels in different parts of rat brain treated with AMPH. IH may
play a role in regulating DA metabolism in AMPH addiction.
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Introduction

Rats insulted by perinatal anoxia were previously
shown to induce lasting changes in the function of
mesocorticolimbic dopamine (DA) systems, such as
a higher number of tyrosine hydroxylase (TH) im-
munoreactive neurons in DA cell body regions (3),
increased TH activity in prefrontal cortex and nucleus
accumbens (NAcc) (12) and hippocampal dentate
granule cells which exacerbated methamphetamine
(METH)-induced hyper-locomotion in adulthood (46).

Intermittent hypoxia (IH) is one of major contributing
factors to cardio-respiratory morbidities associated
with sleep apneas and metabolic issues (15, 50). IH
increased reactive oxygen species (ROS) ensued by the
activation of TH via phosphorylation and increase
in DA synthesis (34). Vesicular monoamine trans-
porter (VMAT) and DA D1-receptor protein expression
was upregulated within the striatum of adults rats ex-
posed to IH insults as neonates and diminished extra-
cellular DA observed in the post-hypoxic rat striatum
which exhibited increased novelty-induced behavioral
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activation and increased basal levels of locomotor ac-
tivity (11). IH prevented the nigrostriatal dopaminergic
system from iron-induced oxidative injuries compared
to normoxic status in rats (25).

Amphetamine (AMPH) is one of the most com-
mon illicit drug abuses in Taiwan. Among the known
AMPH, METH, a potent psychostimulant known to
cause neurotoxicity, is the most common psychostimu-
lant used by abusers according to the National Bureau
of Controlled Drugs, Department of Health, Taiwan,
2012. Hypoperfusion in the striatum was detected
with acute and chronic METH treatment, which re-
sulted in hypoxia and DA reduction in rats (21).
However, there are limited reports on the effects of
IH on DA in the presence of AMPH in the brain of
rats.

Angiotensin II (Ang II) is formed in many tis-
sues including peripheral organs and the brain. Two
Ang Il systems are present in the brain, i.e. Ang II
receptors located at the circumventricular organs
and cerebrovascular endothelial cells that respond
to circulating Ang II, while receptors inside the
blood barrier are activated by Ang II formed in the
brain and/or transported to the brain from the circu-
lation (39). Injection of Ang II into the peripheral
circulation induced the effects in central nervous
system, indicating the presence of receptors for
this peptide in brain (9). There are two Ang II re-
ceptors, AT, and AT, receptors. The well-known
biological actions of Ang II, such as contraction of
smooth muscle leading to vasoconstriction and in-
creases in blood pressure, increase in water and sodium
intake, renal sodium retention and secretion of va-
sopressin and aldosterone are mediated by the AT,
type (43). In the brain, both the hormonal control
and the regulation of the sympathetic system are also
under AT, receptor control (38). In rodents, but not
in other mammals or humans, there are two Ang II
AT, receptor subtypes, the AT, and AT, receptors,
and these subtypes are selectively localized and reg-
ulated (18, 20). Ang II has been shown to modulate
the synthesis, uptake and release of catecholamines
in the sympathic neurons and the adrenal medulla
as well as in central cardioregulatory areas such as
the hypothalamus and the brainstem (47). Ang II
receptors were found on the soma and terminals of
mesolimbic dopaminergic neurons; Ang II acting
through its AT, receptors facilitates the release of
DA in the rat striatum in vitro and in vivo (8).

We have previously found that IH reduced the
basal level of DA in the diencephalon and increased
plasma PRL concentration (unpublished data). The
purpose of this study was to investigate the effects of
IH on DA levels in the striatum and media prefrontal
cortex (mPFC) of rats treated with AMPH compared
to rats under normoxic status. We also observed the

changes of DA release by Ang II and plasma PRL
which was named for one of its first known functions,
the initiation and maintenance of lactation; however,
this hormone is remarkably versatile, e.g. it regulates
various events in reproduction, osmoregulation, growth,
energy metabolism, immune response, brain function,
behavior and angiogenesis.

Materials and Methods

Male Sprague-Dawley rats weighing 300-350
g were housed in a temperature-controlled room
(22 £ 1°C) with 14 h of artificial illumination daily
(0600-2000 h) and given food and water ad libitum.
All experimental protocols were approved by the In-
stitutional Animal Care and Use Committee (IACUC)
of National Yang-Ming University.

Animal Protocols

Rats were separated into four groups isobari-
cally:

1. Control (Normoxia): Exposed to normoxia and
intraperitoneal (IP) injection with normal saline (1
ml/kg/day) for 7 days.

2. IH: IP with normal saline (1 ml/kg/day) for 7 days
then the rats were treated with 12% O, + 88% N,
(1.5~2 1/min) for 8 h/day in a chamber for 7 days.

. AMPH: IP with AMPH (5 mg/kg/day) for 7 days.

4. AMPH + IH: IP with AMPH (5 mg/kg/day) for 7
days then IH for 7 days.

W

Microdialysis

On the day of experiment, rats were anesthetized
with chloral hydrate (loading dose 400 mg/kg, IP; sup-
plement 80 mg/kg, IP) and were placed on a heating
pad to maintain constant body temperature at 37°C
throughout the experiment. Each rat was fixed on a
stereotaxic apparatus (Kopf model 1430 and 1460);
then the microdialysis probes were implanted. The
coordinates used, from bregma, were as follows: -0.3
AP, -3.4 ML, +6.8 V from the skull for the striatum,;
+3.1 AP, 0.8 ML, -6.0 V from the skull for the mPFC.
After insertion of three microdialysis probes into
the striatum and mPFC, each was perfused with an
artificial cerebrospinal fluid (aCSF: 149 mM NacCl,
2.8 mM KCI, 1.2 mM CacCl,, 1.2 mM MgCl,, 0.125 mM
ascorbic acid, and 5.4 mM D-glucose, pH 7.2~7.4)
using a microliter syringe pump (Model 55-6206 micro-
injection pump, Harvard, MA, USA) at a flow rate of
1.19 pl/min. After 1 h of stabilization, dialysate samples
were collected into 700-ul Eppendorf tubes at 20-min
intervals, which was then injected directly into the
dopamine HPLC system for DA analysis until a stable
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mPFC

Striatum

Fig. 1. Typical photomicrographs showing a microdialysis probe track implanted in the mPFC and striatum of the rat (100x magni-

fication).

dialysate level of DA (baseline) was achieved. The
changes in DA concentrations in the mPFC and stria-
tum were monitored at 20-min intervals for 1 h. After
Ang IT 1 uM was injected via aCSF into striatum and
mPFC by reverse microdialysis, the changes of DA
concentrations in both areas were monitored at 20-
min intervals for 2 h. HPLC-electrochemical detector
for DA determination consisted of a 100 x 2.1-mm
ODS Hypersil C18 5-um column (Hewlett-Packard; no.
799160D-552). The mobile phase (75 mM NaH,POy,,
1.5 mM sodium dodecyl sulfate, 0.02 mM EDTA, 100
ul/L triethylamine, 12% methanol, 13.5% acetonitrate,
pH 4.5, with H;PO,) was delivered at 0.3 ml/min by
an ISCO 260D pump. DA was detected with a glassy
carbon electrode maintained at 0.75 V relative to an
Ag/AgCl reference electrode. The detection limit of
the DA system is 0.8 pg. The HPLC chromatogram
was recorded by a linear recorder (model 1202) (10).

Histology

At the end of experiments, each rat was killed
with an overdose of chloral hydrate. The brain was
removed and fixed in 30% sucrose in a 10% formal-
dehyde/saline solution. Frozen 30-pum sections were
next stained with neutral red for histological verifi-
cation of the path of the probes (Fig. 1).

Radioimmunoassay (RIA) of PRL

Rats were catheterized via the right jugular vein
20 h before injection with saline (1 ml/kg) as a vehicle.
Blood samples were collected via jugular vein in IH,
AMPH and IH plus AMPH groups individually. An
equal volume of heparinized saline was injected im-
mediately after each bleeding. Plasma was separated
by centrifugation at 8,000 x g for 3 min. The concentra-
tion of PRL in each plasma sample was measured by
RIA as described elsewhere (34). The rat PRL kit was
provided by the National Institute of Diabetes and

Digestive and Kidney Diseases (Bethesda, MD, USA).
Rat PRL-I-9 was used for radioiodination and rat
PRL-RP-3 was used as the standard. The sensitivity
of the rat PRL RIA was 3 pg per assay tube. The intra-
and inter-assay coefficients of variation were 3.8%
and 3.2% for the PRL RIA, respectively.

Gel Electrophoresis and Western Blotting Analysis

After decapitation, rat brain tissues mPFC, stria-
tum, media basal hypothalamus (MBH) and cerebellum
were dissected and washed twice with ice-cold 0.9%
NacCl, followed by extraction for 20 min on ice with
RIPA (Sigma) buffer, pH 7.4, containing 50 mM Tris,
150 mM NacCl, 1% NP-40, 0.25% sodium deoxycholate,
5 mM EDTA (pH 8.0), | mM EGTA (pH 8.0), 5% B-ME
and 10% protease inhibitor cocktail tablets using an
ultrasonic sonicator (model XL 2020, Heat Systems,
Inc, Farmingdale, NY, USA). Cell mixtures were cen-
trifuged for 30 min at 20,000 x g at 4°C. The protein
concentration in the supernatant was determined by
the Bradford method (5). Extracted proteins were
denatured by boiling for 10 min in an SDS buffer
(0.125 M Tris-base, 4% SDS), 0.001% bromophenol
blue, 12% sucrose and 0.15 M dithiothreitol). The pro-
teins in the samples were separated using 12% SDS
polyacrylamide gel electrophoresis (SDS-PAGE) at
50 V for 20 min and then at 100 V for 60 min using a
running buffer. The proteins were electrophoretically
transferred to polyvinylidene difluoride (PVDF) mem-
branes (NEN Life Science Products, Boston, MA, USA)
using a Trans-Blot SD semi-dry-transfer cell (170-3940,
Bio-Rad, Hercules, CA, USA) at 60 mA (for 8 10-mm
membrane) for 40 min in a transfer solution. The mem-
branes were washed in TBS-T buffer (0.8% NaCl, 0.02
M Trisbase, and 0.3% Tween-20, pH 7.6) for 5 min and
then blocked by 120-min incubation in a blocking
buffer (TBS-T buffer containing 5% nonfat dry milk).
These membranes were incubated with anti-TH
(1:1,000, Chemicon International, Temecula, CA, USA),
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Fig. 2. Effects of infusion of Ang II (1 uM) on dopamine release in rat striatum after IH, AMPH, and AMPH + IH treatments. Each
value represents mean + SEM. *P < 0.05, **P < 0.01 as compared with normoxia group. "P < 0.05, "'P < 0.01 as com-

pared with the group infused with vehicle.

VMAT-2 (1:1,000, Chemicon International), DAT
(1:500, Chemicon International) and anti-fB-actin
(1:8,000) antibodies in 5% nonfat dry milk of TBS-T
buffer overnight at 4°C. After three 10-min washes
with TBS-T buffer, the membranes were incubated
for 1 h with horseradish peroxidase-conjugated goat
anti-rabbit immunoglobulin G (IgG, 1:20000) in 5%
nonfat dry milk of TBS-T buffer. The membranes were
washed three times with TBS-T buffer, then the bands
for proteins were visualized by chemiluminescence
(ECL reagent Kit, Amersham, UK) (48).

Effects of Infusion of Ang II (1 uM) on the Release and
Percentage Changes of DA in Rat Striatum and
mPFC after IH, AMPH, AMPH + IH Treatments

Ang II (1 uM) was injected via aCSF into stria-
tum and mPFC in IH, AMPH and IH plus AMPH groups
individually by reverse microdialysis, the changes
of DA concentrations in both areas were monitored
at 20-min intervals for 2 h.

Changes of Plasma PRL Concentration in Conscious
Rats Treated with IH, AMPH, AMPH + [H

Blood samples were collected via the jugular
vein in conscious rats treated with TH, AMPH and
IH plus AMPH individually. After centrifugation,
the concentration of PRL in each plasma sample was
measured by RIA.

Effects of Ang II (1 uM) Infusion on Plasma PRL
Concentrations after IH, AMPH, AMPH + [H
Treatments during Anesthetization

Ang II at 1 uM concentration was injected via

aCSF into the brain by microdialysis probe in IH,
AMPH and IH plus AMPH groups under anesthetization.
Changes of plasma PRL concentrations were recorded.

Effects of IH, AMPH, AMPH + IH on the Expression of
TH, VMAT-2 and DAT in mPFC, Striatum, MBH and
Cerebellum by Western Blotting Analysis

After decapitation, rat brain tissues including
mPFC, striatum, MBH and cerebellum were dissected
and examined with TH, VMAT-2 and DAT proteins
by western blotting analysis in IH, AMPH and IH
plus AMPH groups respectively.

Statistic Analysis

All data were expressed as the mean + standard
error of the mean (SEM). Treatment means were tested
for homogeneity using the analysis of variance
(ANOVA), and the differences between the specific
means were tested for the significance by Duncan’s
multiple range test. The level of significance chosen
was P <0.05.

Results

Effects of Infusion of Ang II (1 uM) on the Release and
Percentage Change of DA in Rat Striatum after 1H,
AMPH, AMPH + IH Treatments

The basal DA release was increased in IH, AMPH
and AMPH + IH groups compared to the normoxia
status (*P < 0.05, Fig. 2A). The DA release increased
in all four groups treated with Ang II (1 uM) for 20,
40, 60, 80 and 100 min compared to the vehicle ("P <
0.05, ""P < 0.01, Fig. 2, A and B); DA released in-
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creased significantly in AMPH + IH group compared
to the normoxia status (**P < 0.01, Fig. 2A).

Effects of Infusion of Ang II (1 uM) on the Release and
Percentage Change of DA in Rat mPFC after
IH, AMPH, AMPH + IH Treatments

The basal DA release was decreased in IH group
compared to the normoxia status (*P < 0.05, Fig. 3A.
The DA release increased in all four groups treated
with Ang II (1 uM) for 20, 40, 60, 80 and 100 min
compared to the vehicle ("P < 0.05, ""P < 0.01, Fig. 3,
A and B); the DA released increased significantly in
AMPH + IH group compared to the normoxia status
(**P <0.01, Fig. 3A).

Plasma Concentration of PRL in Conscious Rats Treated
with I[H, AMPH, AMPH + IH and the Effects of Ang II

(1 uM) Infusion on Plasma PRL Concentrations

The plasma PRL concentration increased in
IH, AMPH and AMPH + IH groups compared to the
normoxia status in conscious rats (*P < 0.05, Fig. 4A).
However, the stimulatory effect of IH on plasma PRL
was attenuated in the presence of AMPH (“P < 0.05,
Fig. 4A). The plasma PRL concentrations decreased
gradually in the four groups in which rats were anes-
thetized in spite of the presence of Ang II (Fig. 4B).

Effects of IH, AMPH, AMPH + IH on the Expression of
TH, VMAT-2 and DAT in mPFC, Striatum, MBH and
Cerebellum by Western Blotting Analysis

In the mPFC and MBH areas, the expression of
TH increased in the presence of AMPH compared to
the normoxia; the reaction sustained in the presence
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Fig. 5. Effects of IH, AMPH, and AMPH + IH on the expression of TH, VMAT-2, and DAT in mPFC, striatum, MBH and cerebellum.

of AMPH + IH. The expression of VMAT-2 decreased
in the presence of IH, AMPH or AMPH + IH compared
to the normoxia in all four areas of rats brain. No
change of DAT expression was noted in different
situations in rats brain (Fig. 5).

Discussion

AMPH is believed to increase DA release from the
striatum by different mechanisms including increasing
cytosolic DA by redistribution of neurotransmitters
via VMAT-2 from synaptic vesicles to the neuronal
cytoplasm and the reverse transport of DA from the
cytoplasm into the synapse via the DAT (45), competi-
tively binding with DAT by facilitating exchange of
cytosolic DA or burst channel like transporter to DA
efflux (19) and inhibiting the monoamine oxidase
to decrease the metabolism of postsynaptic DA (13).
In rodents, long-term low-dose administration of
AMPH induced the release of DA from the striatum
while high doses of AMPH decreased DA release
from the striatum (35). Intraperitoneal administration

with varying low doses of methylphenidate, an analog
of AMPH, at 0.25, 0.5 and 1.0 mg/kg, produced dose-
dependent increases in extracellular DA levels within
NAcc (2). However, repeated high-dose administra-
tions of the METH caused persistent dopaminergic
deficits, i.e., reductions in striatal DA content, DAT
density and/or activity of the DA synthesizing enzyme,
TH, in rodents (17).

The striatum is one of the brain areas most sen-
sitive to deficiency in oxygen even when the brain
energy metabolism is unaffected by a moderate hy-
poxia (41). Rodents subjected to chronic IH showed
sprouting of noradrenergic terminals in multiple motor
and sensory regions of the lower brainstem which
were immunohistochemically-stained with dopamine-
B-hydroxylase, a marker for norepinephrine (27). Rats
exposed to various degrees of hypoxia (15, 10 and 8%
0, in N,) increased DA levels in striatal dialysates
to 200, 400 and 1,100%, respectively. This reaction
was inhibited by nomifensine, a blocker of dopamine
reuptake (1). DAT was involved in the onset of hypoxia-
induced DA efflux in the striatum by in vivo microdi-
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alysis (31). Enhanced NAcc DA function was noted
in adult rats subjected to intrauterine anoxia during
cesarean section birth; on the other hand, DA expres-
sion in mPFC was decreased possibly by the inhibi-
tory effects of NAcc (6, 7). Similarly, our unpublished
data showed that IH decreased the DA release in dien-
cephalon compared to the normoxia status opposite
to the effects on the striatum in this study. Moreover,
IH plus AMPH enhanced the DA release more sig-
nificantly than AMPH or IH alone in both the stria-
tum and diencephalon (Figs. 2 and 3). Hopefully, [H
might be clinically used in treating the deficiency of
DA in AMPH addiction.

Patients with obstructive sleep apnea (OSA) are
exposed to chronic intermittent hypoxia (CIH), which
is thought to be the underlying mechanism that links
OSA with an increased risk of cardiovascular disease
such as increasing arterial blood pressure. Following
exposure to CIH, rats have increased noradrenergic
terminal density in brain stem sensory and motor nu-
clei and upregulated expression of the excitatory al-
adrenergic receptors in the hypoglossal motor, trigemi-
nal sensory and motor nuclei (27). This suggests that
CIH may enhance central catecholaminergic transmis-
sion. On the other hand, sympathetic nerve activity,
the plasma concentration of Ang II and the vasocon-
strictor response to Ang II are elevated in OSA patients
(22, 28). Arterial pressure increased significantly after
exposure to IH in healthy human subjects; however,
the increase in blood pressure was abolished by
blockade of the AT, receptor (14). Local administra-
tion of Ang II in the rat striatum enhanced the release
of DA (42); moreover, local infusion of Ang Il am-
plified the effects of IH, AMPH or both on release
of DA in striatum and mPFC in rats in our study.
DA depletion induced upregulation of AT, in basal
ganglion of rodents; however, candesartan (an AT
blocker) attenuated AMPH-induced behavioral
sensitization in rats by affecting DA neurotransmis-
sion in the NAcc and the caudate-putamen (32, 44).
Direct AT, receptor stimulation decreases DA syn-
thesis in the rat striatum. Rats daily treated with
candesartan protected dopaminergic neurons of the
nigrostriatal tract against the neurotoxin-induced cell
death. Stimulation of the AT, receptor with Ang II in-
creased the formation of hydroxyl radicals in striatum
(26). Chronic treatment with losartan, a AT; receptor
blocker, in dystrophic hamsters stimulated frequency
of breathing and increased dopamine D1 receptor den-
sity in the striatum indicating a functional interaction
between AT, receptors and D1 receptors that may modu-
late ventilation (40).

The plasma PRL increased at 24 h and became
significant when rats were treated in hypoxic status
(49). In human, plasma PRL decreased in men under
prolonged exposure (3-4 days) to an altitude of 4,350

m compared to normoxia (37); however, PRL level
increased in male elite climbers after high-altitude
chronic hypoxia exposure (7 weeks at 5,200 m) in
comparison with climbers at sea level (4). Elevated
plasma PRL was noted in methamphetamine-
dependent human in difference with healthy control
(51). CART peptide, a cocaine- and amphetamine-
regulated transcript identified as the mRNA that
was elevated in rat striatum following acute admin-
istration of cocaine or AMPH, suppressed PRL released
from dispersed rats anterior pituitary cells in a dose-
related manner (23). Centrally-administered Ang II
appears to be inhibitory to PRL secretion in male as
well as female rats, regardless of the endocrine status
of the animal (29, 30). The plasma PRL decreased
following microinjections of Ang II in the medial
preoptic area of rats (24). Similarly, the plasma PRL
concentrations decreased gradually in the four groups
of rats which were in an anesthetized status in spite
of the presence of Ang II (Fig. 4B).

TH, a hypoxia-regulated gene, was found to be
involved in tissue adaptation to hypoxia. IH increased
DA levels in the rat brain stem due in part to in-
creasing synthesis via activation of the rate-limiting
synthesizing enzymes, TH (34). TH activity increased
in the rat cortex in sustained hypoxia than IH or nor-
moxia while vice versa was true in brain stem. Such
difference indicated that this enzyme activity changed
in differential regional brain susceptibility to differ-
ent hypoxic exposures (16). Rats exposed to IH (15 s)
(15 s in 5% O, then 5 min in 21% O,) caused a robust
increase in TH activity, DA level in the medulla then
IH (90 s) (90 s each in 10% O, & 21% O,). Also, IH
(15 s) increased the generation of ROS in brain stem
which was nearly threefold higher than that evoked
by IH (90 s) (34). In Western blotting, the present
study showed that the expression of TH decreased in
mPFC but increased in MBH when rats were treated
with IH; however, TH increased in the presence of
AMPH plus IH in mPFC and MBH areas. Expression
of VMAT-2 decreased in the presence of IH, AMPH
or both compared to the normoxia in the brain of rats.
These might explain the difference of DA release
in mPFC and the striatum in this study. Striatal ex-
pression of VMAT-2 and D1 receptor proteins was
increased in consequence of persistent reductions in
extracellular levels of DA in post-hypoxic rat pups
(11). Similarly, decreased expression of TH, VMAT-2
and DAT was noted in rat striatum treated with AMPH,
which caused the depletion of DA (48). Hypoxia and
reduction in TH expression caused by hypoperfusion
were detected in rat striatum treated with chronic
METH (21).

In summary, our study suggested that IH altered
the DA release and changed the protein expression
patterns in different parts of rat brain treated with
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AMPH and this phenomenon was amplified in the pres-
ence of Ang II. Interestingly, IH plus AMPH enhanced
the DA release more significantly than AMPH or [H
alone in both striatum and diencephalon. IH and Ang
II may be shown to play a role in regulating DA
metabolism in AMPH addiction in future.
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