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Abstract
Methamphetamine (MA) increases dopamine (DA) levels within the mesolimbic pathway and
acetylcholine (ACh), a neurotransmitter known to increase DA cell firing and release and mediate
reinforcement, within the ventral tegmental area (VTA). The laterodorsal tegmental (LDT) and
pedunculopontine tegmental (PPT) nuclei provide cholinergic input to the VTA; however, the
contribution of LDT- and PPT-derived ACh to MA-induced DA and ACh levels and locomotor
activation remains unknown. The first experiment examined the role of LDT-derived ACh in MA
locomotor activation by reversibly inhibiting these neurons with bilateral intra-LDT
microinjections of the M2 receptor agonist oxotremorine (OXO). Male C57BL/6 J mice were
given a bilateral 0.1 µl OXO (0, 1, or 10 nM/side) microinjection immediately prior to IP saline or
MA (2 mg/kg). The highest OXO concentration significantly inhibited both saline-and MA-
primed locomotor activity. In a second set of experiments we characterized the individual
contributions of ACh originating in the LDT or pedunculopontine tegmental nucleus (PPT) to
MA-induced levels of ACh and DA by administering intra-LDT or PPT OXO and performing in
vivo microdialysis in the VTA and NAc. Intra-LDT OXO dose-dependently attenuated the MA-
induced increase in ACh within the VTA but had no effect on DA in NAc. Intra-PPT OXO had no
effect on ACh or DA levels within the VTA or NAc, respectively. We conclude that LDT, but not
PPT, ACh is important in locomotor behavior and the cholinergic, but not dopaminergic, response
to systemic MA.
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1. Introduction
The mesopontine tegmentum, which contains the laterodorsal (LDT) and pedunculopontine
tegmentum (PPT), is a neurochemically and functionally diverse structure that is important
for the interpretation of sensory input and selection of an appropriate motor output [1,2].
The LDT and PPT provide the only known cholinergic projections to midbrain dopamine
(DA) neurons in the substantia nigra (SN) and ventral tegmental area (VTA). Specifically,
the cholinergic projection from the LDT preferentially targets VTA-DA neurons and GABA
neurons within the VTA [3,4], while projections from the PPT primarily target DA neurons
within the SN. Previous research has used electrical and pharmacological manipulation of
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the LDT-to-VTA acetylcholine (ACh) projection to assess its contribution to DA neuron
firing and extracellular DA levels in the mesolimbic pathway [5–7]. By measuring the DA
oxidation current within the nucleus accumbens (NAc) and DA neuron firing in the VTA,
this research suggests LDT ACh can increase DA neuron firing and release through its
actions on muscarinic M5-type and nicotinic ACh receptors located on DA neurons in the
VTA [for a review see 8]. Furthermore, specific targeting of the PPT [9] or LDT [10]
cholinergic projection has implicated mesopontine ACh in exploratory behavior,
spontaneous locomotion and the rewarding value of intra-cranial self-stimulation (ICSS) [9].
In addition, application of cholinergic agonists and antagonists in the VTA suggests that
nicotinic and muscarinic ACh receptors on DA neurons in the VTA affect ICSS and
extracellular DA levels in terminal regions of the mesolimbic pathway, as measured by
microdialysis [11–13]. Taken together, these data suggest that mesopontine cholinergic
projections to the VTA could be a key contributor to mesolimbic DA responses and DA-
mediated reinforcement.

Cholinergic modulation of DA responding is one mechanism drugs of abuse can use to
increase DA levels within the mesolimbic pathway [13,14]. Methamphetamine (MA), a
highly addictive psychostimulant, is one such drug that induces DA release in terminal
regions such as the NAc and at the cell bodies in the VTA [15–18]. In addition, recent
evidence suggests that MA also induces a prolonged increase in ACh levels within the VTA
[18]; however, it is unclear whether this MA-induced increase in ACh contributes to
increased DA levels within NAc or MA-related behaviors, such as locomotor activation. It is
well known that acute administration of MA induces robust locomotor activation [17] and a
recent study in C57BL/6 J mice found brain MA concentration to be correlated with
locomotor activity [19]. Indeed, it has been hypothesized that a common neural substrate
may underlie the rewarding and locomotor activating effects of drugs of abuse [20] and
recent evidence suggests that mesolimbic DA may mediate the stimulating and rewarding
effects of MA [21,22]. Thus, MA-induced locomotor activity is a measurable behavior that
may be an analog of the rewarding effects of MA. In addition, the cholinergic projection to
the mesolimbic pathway from the PPT and LDT has been implicated in reward-related
behavior and locomotor behavior. However, little is known about the role of ACh in MA-
related behaviors and neurochemical effects. The present study evaluated the contribution of
LDT-derived ACh in MA- (or saline) induced locomotor activity. A separate set of
experiments used in vivo microdialysis to clarify whether the source of ACh primarily
originated in the LDT and/or the PPT and whether the resulting intra-VTA cholinergic tone
contributes to MA-induced increases in NAc DA levels.

In order to test this, we reversibly inhibited cholinergic neurons in the LDT or PPT via a
bilateral microinjection of the muscarinic ACh receptor agonist oxotremorine
sesquifumarate (OXO). OXO preferentially binds to M2-type ACh receptors, which are
inhibitory autoreceptors that activate a TTX-insensitive hyperpolarization thereby inhibiting
neuronal activity and terminal ACh release. We hypothesized that reversible inhibition of
LDT-, but not PPT-, derived ACh would attenuate MA-induced levels of ACh and DA in the
VTA and NAc, respectively. We also hypothesized that inhibition of LDT derived ACh
would attenuate MA-induced locomotor behavior.

2. Methods
2.1. Subjects

Male C57BL/6 J mice between 8 and 13 weeks old (Jackson Laboratories, Sacramento, CA)
were used in all five experiments. Experiment 1 consisted of 39 experimentally naïve male
mice, 19 of which were subsequently used in Experiment 2 after a 3-week wash-out period.
An additional 15 experimentally naïve male C57BL/6 J mice were added to finish
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Experiment 2, for a total of 31 mice used in Experiment 2. Experiments 3, 4 and 5 all
consisted of 10, 16 and 13 experimentally naïve male mice, respectively. All animals were
maintained in a climate and humidity controlled vivarium on a 12 h:12 h light–dark cycle
with lights on at 0600 h. Animals were allowed ad libitum access to food and water while in
their home cage. All experiments were approved by the Oregon Health & Science
University Institutional Animal Care and Use Committee and carried out in accordance with
the guidelines set forth by the National Research Council of the National Academies [23].

2.2. Drugs
MA hydrochloride was provided by the National Institutes on Drug Abuse drug supply
program (Research Triangle Park, NC). Mice received an intraperitoneal (IP) injection of
either 2 or 3.5 mg/kg MA in the locomotor or microdialysis experiments, respectively. MA
doses were selected by their ability to stimulate an intermediate increase in locomotor
activation or ACh levels within the VTA while not producing a floor or ceiling effect [18].
MA was dissolved in 0.9% saline and administered in a volume of 0.1 ml/25 g. As the
control, IP saline was injected in a volume of 0.1 ml/25 g. Oxotremorine sesquifumurate
(Sigma, St. Louis, MO) was dissolved in artificial cereberospinofluid (aCSF) to 1, 5 or 10
nM for bilateral microinfusions of 0.1 µl/side into the LDT or PPT. These concentrations are
expressed as the salt and were selected based on competition binding studies in the human
and rat pons (OXO for the M2 receptor subtype: Kd = 1.45 nM, Bmax = 14,093 cpm)
[24,25] and from previous experiments in the lab administering intra-LDT OXO
microinjections in the rat. The aCSF consisted of (in mM): 128 NaCl, 3.9 KCl, 1.2 CaCl2,
1.0 MgCl2, 25 NaHCO3, 0.3 NaH2PO4 pH 7.3.

2.3. Surgery
Mice were placed under isoflurane anesthesia and stereotaxically implanted with bilateral
6.5 mm long, 23-gauge thin wall guide shafts positioned above the LDT (AP: −4.96, ML:
±0.65, DV: −1. 5) or the PPT (AP: −4.72, ML:±1.25, DV: −1.75). In the same surgery, mice
were also implanted with a unilateral 5 mm long 21-gauge guide shaft positioned above the
VTA (AP: −2.92, ML: ±0.6, DV: −1.3; Experiments 2 and 4) or the NAc (AP: +1.1, ML:
±0.8, DV: −1.5; Experiments 3 and 5). Coordinates were selected from the atlas of Paxinos
and Franklin [26]. A stylet was kept in the guide shafts until the time of testing.
Subcutaneous saline and an analgesic (carprofen; 0.5 mg/kg) were administered at the
beginning of the surgery. Mice were singly housed following surgery to prevent damage to
head-mounts and allowed one week to recover prior to experimental testing.

2.4. Microinjection procedure
The procedure for bilateral microinjections was adapted from experiments in our lab using
rats and mice [27,28]. Briefly, microinjectors were constructed from fused silica glass tubing
(150 µm od × 75 µm id) protruding 0.5 or 2.5 mm from the end of a 28-gauge stainless steel
guide to reach the target nuclei of the inferior colliculus (IC) or the LDT, respectively. The
shorter microinjector was used in the locomotor experiment in order to target the IC.
Bilateral microinjections into the IC were made as an anatomical control to assess the
potential effect of OXO diffusing up the injector tract on locomotor activity. Microinjections
were delivered over 60 s at a rate of 1.67 nl/s for a total volume of 100 nl per side. Injectors
remained in place for 30 s following the injection.

2.5. Apparatus
2.5.1. Locomotor activity—Locomotor activity was assessed in a rectangular (30.5 cm ×
15.2 cm) clear Plexiglas chamber with a paper floor housed in a sound attenuating cabinet.
An infrared activity camera (Coulbourn Instruments, H24-61) mounted 18 cm above the
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arena recorded all activity during the trial. Horizontal activity data were recorded in the dark
as total distance (cm) moved using Ethovision (Noldus, Tacoma, WA) tracking software.

2.5.2. Microdialysis—Mice were housed in a cylindrical clear polycarbonate chamber (38
cm × 27 cm; Instech Laboratories, Plymouth Meeting, PA) in a sound-attenuated enclosure
during in vivo microdialysis. A fiber optic lamp on the lowest setting was positioned 30 cm
above the polycarbonate chamber and provided illumination during the experiment. A
counter-balanced arm held a single channel swivel extended over the middle of the chamber.
A Hamilton syringe (Glenco, 2.5 cc gastight; Sigma, St. Louis, MO) was fitted onto a pump
(Razel A99; Braintree Inc, Stamford, CT), which delivered buffered dialysis ringer (142 mM
NaCl, 3.9 mM KCl, 1.2 mM CaCl2, 1.0 mM MgCl2, 1.35 mM Na2HPO4, 0.3 mM
NaH2PO4; pH 7.3) via PE20 tubing through the swivel to the microdialysis probe at a rate of
1 µl/min. In Experiments 1 and 3 the acetylcholinesterase inhibitor neostigmine (0.3 µM
neostigmine·Br) was added to the dialysis ringer to delay the breakdown of ACh before it
could diffuse across the dialysis membrane and be collected.

2.6. Behavioral procedure
Locomotor activity and measurements of ACh and DA were performed in separate
experiments because previous experiments in our lab have found that timed collection of
dialysis samples can alter an animal’s behavior. In addition, we have noted that ACh levels
within the VTA are extremely sensitive to an animal’s wakefulness and activity level.
Therefore, since measuring ACh and DA could affect an animal’s activity (which, in turn,
would artificially alter transmitter levels) we decided to perform these measures separately.

2.6.1. Locomotor activity—Locomotor activity was tested over 3 consecutive days. Day
1 served as habituation to handling, injection procedures and the testing apparatus. Day 2
established baseline locomotor activity for all animals. On the first 2 days the microinjection
and IP injection administered were aCSF and saline, respectively. Day 3 was the test day, in
which mice were administered an OXO microinjection (0.1 µl of 0, 1 or 10 nM per side)
followed by an IP MA injection (0 or 2 mg/kg).

Each day, animals were brought into the testing room, weighed and their stylets were
removed. Mice were then returned to their home cage to acclimate for 45 min prior to
testing. After acclimation, each animal was lightly restrained, given a bilateral
microinjection immediately followed by an IP injection and went into the locomotor arena.
Activity was recorded for 30 min. At the end of the session, the animals were removed from
the testing chamber and returned to their home cage.

2.6.2. In vivo microdialysis—Approximately 14 h before testing, a 7.5 mm long
microdialysis probe was inserted into the guide shaft that extended 2.5 mm into the VTA or
NAc. This allowed time for tissue trauma to dissipate and for the mouse to habituate to the
testing chamber. Microdialysis probes were constructed as described previously [18] and
had a 0.75 or 1.0 mm long active membrane tip for use in the VTA or NAc, respectively.
The microdialysis procedure for measuring DA and ACh was performed as previously
described [18], with the exception that neostigmine was not added to the dialysis ringer
when collecting dialysates for DA. Neostigmine was removed for the DA analysis since it is
only necessary to prevent the breakdown of ACh and may artificially inflate DA levels [29].

Baseline samples were collected every 20 min for 1 h and analyzed for ACh or DA content
using high performance liquid chromatography (HPLC) or liquid-chromatography tandem
mass spectrometry (LC–MS/MS). Following baseline sampling, each mouse was given a
bilateral microinjection into the LDT or PPT, immediately followed by an intraperitoneal
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(IP) saline injection (0.1 ml per 25 g). Samples were taken every 20 min for 80 min total.
Mice were then administered a second bilateral microinjection into the LDT or PPT
followed by an IP MA injection (3.5 mg/kg). Samples were taken every 20 min for up to 4 h
until ACh or DA levels returned to baseline.

2.7. Experiment 1: Locomotor activity following MA and LDT/IC microinjection
The purpose of this experiment was to assess the role of LDT ACh on MA-induced
locomotor activity. Each mouse experienced two bouts of the 3-day locomotor testing
procedure, for a total of 6 testing days. During one testing bout the bilateral microinjection
was administered into the LDT, while during the other bout a bilateral microinjection was
administered into a dorsal control site, the inferior colliculus (IC). Thus, each mouse served
as its own control for the dorsal diffusion of the drug. There was a 2 week wash-out period
between the testing bouts. Mice were counterbalanced for microinjection site, so that half of
the mice received the IC microinjection in the first testing bout. On the test day (day 3) each
mouse only received one OXO concentration (0.1 µl of 0, 1, or 10 nM per side) and one MA
dose (0 or 2 mg/kg). This dose remained the same for each testing bout.

2.8. Experiment 2: Intra-VTA in vivo microdialysis for ACh following intra-LDT OXO
The goal of this experiment was to determine whether the LDT was the source of the MA-
induced increases in intra-VTA ACh. In vivo microdialysis was performed within the VTA
and dialysates were collected and assessed for ACh content.

After establishing a stable baseline of ACh levels each mouse received a control injection.
This consisted of a bilateral intra-LDT microinjection (0.1 µl per side) of aCSF or OXO (1,
5, or 10 nM) immediately followed by an IP saline injection. The control injection served to
assess the effect of intra-LDT OXO on basal VTA ACh levels and the effect of handling and
injection on ACh levels. A total of 80 min after the control injection each mouse received a
test injection, thus each mouse served as its own control. This consisted of a bilateral intra-
LDT microinjection immediately followed by IP MA (3.5 mg/kg). Each mouse only
received one dose of OXO and this dose was the same during the control and test injections.

2.9. Experiment 3: Intra-VTA in vivo microdialysis for ACh following intra-PPT OXO
The purpose of this experiment was to determine whether the PPT was the involved in the
MA-induced increases in intra-VTA ACh. In vivo microdialysis was performed within the
VTA just as in Experiment 2. Each mouse received a control injection after baseline ACh
levels were established. The control injection included a bilateral intra-PPT microinjection
(0.1 µl per side) of aCSF or OXO (1 or 10 nM) immediately followed by an IP saline
injection. A total of 80 min after the control injection each mouse received a test injection,
which included a bilateral intra-PPT microinjection immediately followed by IP MA (3.5
mg/kg). Just as in Experiment 2, each mouse only received one dose of OXO and this dose
was the same during the control and test injections.

2.10. Experiment 4: Intra-NAc in vivo microdialysis for DA following intra-LDT OXO
This experiment examined whether LDT-derived ACh influenced MA-induced increases in
DA levels within the NAc. In vivo microdialysis was performed within the NAc and
dialysate samples were collected and analyzed for DA content. Each mouse received a
control injection after baseline ACh levels were established, which consisted of a bilateral
intra-LDT microinjection (0.1 µl per side) of aCSF or OXO (1 or 10 nM per side)
immediately followed by an IP saline injection. Eighty min following the control injection
each mouse received a test injection. This consisted of a bilateral intra-LDT microinjection
immediately followed by IP MA (3.5 mg/kg). Just as in Experiments 2 and 3, each mouse
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only received one dose of OXO and this dose was the same during the control and test
injections.

2.11. Experiment 5: Intra-NAc in vivo microdialysis for DA following intra-PPT OXO
In this experiment, we examined whether PPT-derived ACh played a role MA-induced
increases in DA levels within the NAc. In vivo microdialysis was performed within the NAc
just as in Experiment 4. Each mouse received a control injection after baseline ACh levels
were established. This control injection included a bilateral intra-PPT microinjection (0.1 µl
per side) of aCSF or OXO (1 or 10 nM) immediately followed by an IP saline injection.
Each mouse received a test injection 80 min after the control injection. This consisted of a
bilateral intra-PPT microinjection immediately followed by IP MA (3.5 mg/kg). Just as in
Experiments 2 through 4, each mouse only received one concentration of OXO and this
concentration was the same during the control and test injections.

2.12. Sample and standard preparation
DA and ACh samples and their corresponding standard curves that were analyzed using high
performance liquid chromatography with electrochemical detection (HPLC) were prepared
as described previously [18]. Approximately two-thirds the way through the dialysis
experiment, we were not able to obtain immobilized enzyme reactors with suitable
sensitivity for the electrochemical detection of ACh using HPLC. As a result, a different
analytical method, liquid chromatography–tandem mass spectrometry (LC–MS/MS), was
used for the last third of subjects. The total number of samples in each OXO treatment group
that were analyzed using LC–MS/MS was: 62 for aCSF, 24 for 1 nM OXO and 69 for 5 nM
OXO. The total number of samples per OXO treatment group that were analyzed using
HPLC was: 76 for aCSF, 104 for 1 nM OXO, 37 for 5 nM OXO and 128 for 10 nM OXO.

ACh dialysate samples that were analyzed with LC–MS/MS were spiked with 180 µl of an
internal standard of deuterated ACh (d4-ACh; CDN Isotopes, Quebec, Canada). The internal
standard was prepared in 75% acetonitrile, 25% methanol and 0.2% formic acid (v/v/v) to a
final concentration of 0.0001 ng/µl. After addition of the internal standard each sample was
centrifuged at 10,000 rpm for 5 min at room temperature through a 22 µm filter (Fisher
Scientific, Pittsburgh, PA). A standard curve was prepared using a range of ACh
concentrations (Sigma, St. Louis, MO), with each containing 180 µl of d4-ACh. Aliquots of
20 µl were injected onto a poly-hydroxylethyl column (50 × 2.1, 3 µm, 100 Å; Poly LC Inc.,
Columbia, MD) with guard column for analysis.

2.12.1. Sample analysis—The procedure for samples analyzed for ACh or DA content
using HPLC has been described previously [18].

Analysis of ACh content using the LC–MS/MS system consisted of a quadrupole ion trap
(4000 Q trap, Applied Biosystems/MDX SCIEX) equipped with electron spray ionization, a
Prominence UFLC-XR autosampler, system controller, column oven and UV/VIS detector
for liquid chromatography (Shimadzu Corp., Kyoto, Japan). Positive ioninzation was
attained using single reaction monitoring (SRM). The transition detected for ACh was m/z =
146/87 and for d4-ACh was m/z = 150/91.1. The ion spray voltage was 3 kV and maintained
at 600 °C. nitrogen was used for the curtain gas (50 psi) and for the two ion source gasses
(40 and 60 psi). Collision fragmentation was attained using nitrogen. Mobile phase for this
system consisted of 0.1% formic acid, 20 mM ammonium formate, acetonitrile and
methanol and was maintained at 3 ml/min. ACh and d4-ACh analytes were identified by
retention time and their respective fragment m/z. The amount of ACh was quantified by peak
area ratio of d4-ACh versus ACh within each sample using Analyst version 1.5 (Applied
Biosystems).
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Table 1 shows the picograms of ACh per microliter of dialysate at baseline or after saline
injection for samples analyzed with the HPLC and LC–MS/MS analytical methods. Analysis
with Welch’s t-test (to correct for unequal variance) showed no significant difference in the
amount of ACh at baseline (t24 = 0.43, p = 0.668) or after saline injection (t45 = 1.17, p =
0.247) between the two analytical methods. In addition, there was no significant change in
the amount of ACh when comparing baseline and post-saline injection using either the
HPLC method (t119 = 0.17, p = 0.868) or the LC–MS/MS method (t58 = 0.32, p = 0.753).

2.13. Histology
Mice were deeply anesthetized before a thionin (300 nl) microinjection was administered
into the LDT or PPT at the end of each experiment. Microdialysis probe placement was
confirmed by intercalating a thionin pulse into the inlet of the probe that perfused thionin
through the VTA. Mice were then decapitated and their brains flash-frozen in isopentane on
dry ice. Frozen brains were stored at −80° C until they were sectioned (40 µm) on a Leica
cryostat. Data were excluded if the subjects’ microdialysis fiber intruded on the substantia
nigra (SN), when targeting the VTA, or if at least half of the fiber intruded on the caudate
putamen, when targeting the NAc. Subjects were excluded if one or both injections were
located outside of the target region. The number of mice excluded was 14, 23, 6, 14 and 5
for Experiments 1 through 5, respectively. Fig. 1 shows the range of microdialysis probe and
microinjection locations (with target areas shaded) overlaid on plates from the atlas of
Paxinos and Franklin [26] for mice included in the analyses of each experiment.
Microinjection locations from Experiment 1 are shown in panel A. Panels B–E show the
microdialysis probe placements (top) and microinjection locations (bottom) for Experiments
2–5, respectively.

2.14. Statistics
Locomotor data were analyzed using a three-way repeated measures ANOVA with Day as
the within subjects factor and IP treatment (IP) and Microinjection Pretreatment (PreTx) as
the between subjects factors. Greenhouse-Geisser was used to correct for violations to
sphericity. Dialysis data were analyzed using 2-way repeated measures ANOVA with
microinjection treatment as the between subjects factor (4 levels for Experiment 2, 2 levels
for Experiments 3–5) and time as the within subjects factor. For the within subject factor,
time was collapsed into 2 time bins, post-saline and post-MA. For Experiments 2, 4 and 5
the post-saline time bin consisted of collapsing the 80 min of data following the saline
injection. For Experiment 3 the last 60 min of post-saline injection data were collapsed.
These time bins were chosen to create an equal baseline between OXO groups. For
Experiments 2 and 3, data in the first 80 min following MA injection were collapsed to
create the post-MA time bin. For Experiments 4 and 5, data in the first 40 min following
MA injection were collapsed to create the post-MA time bin. Since some subjects had a
sample missing or excluded following MA administration, a repeated measures ANOVA
would have required eliminating these subjects from analysis. Therefore, we collapsed into
one time bin following MA administration in order to include all subjects. Missing samples
were due to problems such as the probe coming disconnected during dialysate collection,
technical problems with sample injection onto the HPLC column, or HPLC/LC–MS/MS
detection problems. A sample was considered below detection limit and excluded from the
analysis if (1) the amount of ACh detected fell outside the range of the standard curve, (2)
no sample peak was detected by the HPLC or LC–MS/MS, or (3) the signal-to-noise ratio
was not at least 2:1. The total number of samples across all microdialysis experiments that
were excluded from analysis was 80 out of 760 (10.5%). Post-MA time bins were selected
that best represented the peak of the response following MA injection. Significant two-way
interactions were followed up with simple main effects analyses and post hoc tests. Effects
were considered significant at an alpha of 0.05.
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3. Results
3.1. Experiment 1

3.1.1. Locomotor activity following LDT microinjection pretreatment—Data from
a total of 39 mice were used in this analysis. A summary of activity (cm ± SEM) on baseline
and test day by all treatment groups is presented in Table 2. IP injection of saline or MA
resulted in a significant change in locomotor activity on test day compared to baseline (Fig.
2A; F1,34 = 31.7, p < 0.001). IP administration of saline on the test day resulted in
significantly lower activity compared to baseline (from 3941 ± 1328 to 2053 ± 412) (F1,18 =
10.0, p = 0.005), while IP injection of 2 mg/kg MA resulted in a significant increase in
locomotor activity (from 3759 ± 371 to 8235 ± 1075) (F1,19 = 17.5, p = 0.001). Since these
comparisons were collapsed across pretreatment dose the saline effect may be driven by the
ability of the high concentration of OXO to inhibit basal locomotor activity (Table 2). There
were significant main effects of day (F1,34 = 7.94, p = 0.008) and IP (F1,34 = 23.4, p <
0.001); however, the 3-way interaction between day, IP and preTx was not significant.

Administration of OXO into the LDT differentially affected test day locomotor activity
compared to baseline (Fig. 2A; F2,34 = 8.17, p = 0.001). Simple main effects analysis of this
interaction revealed that pretreatment with intra-LDT aCSF (F1,9 = 8.51, p = 0.017) or 1 nM
OXO (F1,13 = 6.45, p = 0.025) resulted in significantly higher activity on test day, regardless
of IP drug administered. However, animals pretreated with 10 nM OXO did not show an
increase in activity on test day. These data suggest that 10 nM OXO inhibited activity, while
1 nM and aCSF did not, regardless of IP drug administered.

3.1.2. Locomotor activity following IC microinjection pretreatment—Data from a
total of 36 mice were used for this analysis. Table 2 lists the mean activity by all treatment
groups on baseline and test day (cm ± SEM). IP administration of saline or MA resulted in
difference in activity on test day compared to baseline (F1,30 = 55.9, p < 0.001). Further
exploration of the Day × IP interaction revealed that 2 mg/kg MA significantly increased
locomotor activity on test day irrespective of intra-IC pretreatment (F1,16 = 52.4, p < 0.001;
Fig. 2B). In addition, there was a trend for saline-treated mice to have higher locomotor
activity on baseline day (F1,18 = 3.96, p = 0.062). There was also a significant main effect of
Day (F1,30 = 31.5, p < 0.001) and IP (F1,30 = 15.4, p < 0.001), but no other effects or
interactions were significant. Importantly, none of the data analyses suggested there was an
effect of OXO administered into this dorsal control site.

3.2. Experiment 2
3.2.1. Intra-VTA in vivo microdialysis for ACh following intra-LDT OXO—Data
from a total of 30 mice were used in these analyses. Bilateral OXO microinjections in the
LDT dose-dependently attenuated intra-VTA ACh levels following IP MA, but not IP saline
(Time ×OXO: F0 = 3.44, p = 0.031). Fig. 3A shows the time course of ACh responding in
relation to OXO microinjections and IP (saline and MA) injections. The lack of an OXO
effect on extracellular ACh in the VTA after saline injection may have been due to a floor
effect. Simple main effect analyses showed that pretreatment with aCSF (F1,7 = 10.12, p =
0.015) or 1 nM OXO (F1,7 = 10.8, p = 0.013) significantly increased extracellular ACh in
the 40 min post-MA injection compared to post-saline injection (Fig. 3B). Pretreatment with
5 or 10 nM OXO inhibited the MA-induced increase in extracellular ACh; however, no
OXO concentration significantly affected ACh levels after saline injection. Following IP
MA, the aCSF-pretreated mice had significantly higher levels of ACh compared to 5 nM
OXO-pretreated mice (p = 0.019).
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3.3. Experiment 3
3.3.1. Intra-VTA in vivo microdialysis for ACh following intra-PPT OXO—Data
from a total of 10 mice were used in these analyses. A main effect of time suggested that
MA induced an increase in extracellular ACh regardless of intra-PPT pretreatment (F1,8 =
27.8, p = 0.001; Fig. 4A). Microinjections of 10 nM OXO into the PPT had no effect on
extracellular levels of ACh after saline or MA injection (Fig. 4B). When analyzing the data
it appeared that the 10 nM OXO-treated group showed a shift in the peak ACh response
compared to aCSF-treated animals. Therefore, we performed a repeated measures ANOVA
comparing the collapsed control time bin with the individual post-MA 20-min time bins,
which required the removal of 3 subjects due to missing samples (1, aCSF and 2, 10 nM).
This analysis showed no significant main effects of time or treatment group and no
significant interaction (data not shown).

3.4. Experiment 4
3.4.1. Intra-NAc in vivo microdialysis for DA following intra-LDT OXO—Data
from a total of 16 mice were used in the DA analyses. The time course of the DA and DA
metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), response is shown in Figs. 5A and
6A, respectively. A main effect of time showed a significant increase in NAc DA levels in
the first 40 min after MA injection compared to after saline injection (F1,14 = 18.5, p =
0.001; Fig. 5B). No other significant effects or interactions were detected.

As a measure of DA metabolism, levels DOPAC were measured post-saline injection and
compared to the first 40 min post-MA injection (Fig. 6A). Data from a total of 15 mice were
used in the DOPAC analyses. A main effect of time showed a decrease in extracellular
DOPAC levels after MA injection compared to after saline injection (F1, 13 = 90.7, p <
0.0001). This sustained decrease in DOPAC levels is most likely due to a MA-induced
reversal of the DA transporter (DAT), which would inhibit DA re-uptake and metabolism
into DOPAC. No other effects or interactions were significant.

3.5. Experiment 5
3.5.1. Intra-NAc in vivo microdialysis for DA following intra-PPT OXO—Data
from 12 mice were used in the DA analyses. The time course of the DA and DOPAC
response is shown in Figs. 7A and 8A, respectively. DA levels increased significantly after
the MA injection compared to after the saline injection (F1,10 = 6.1, p = 0.034), and this
effect was irrespective of intra-PPT OXO pretreatment (Fig. 7B). Similar to when OXO was
microinjected into the LDT, NAc levels of the DA metabolite, DOPAC, in the first 40 min
after MA injection were significantly lower than after the saline injection (F1,11 = 79.5, p <
0.0001, Fig. 8B). No other effects or interactions were significant.

4. Discussion
Acetylcholine has been implicated in mediating DA neuron burst firing, locomotor activity
and reward processing within the DA mesolimbic circuit. The experiments presented in this
paper sought to examine the origin of the cholinergic tone within the VTA, namely the LDT
and PPT within the mesopontine region, and determine their contribution to MA-induced
changes in locomotor activity and ACh and DA within the mesolimbic circuit. The results
support the proposal that while MA activates LDT cholinergic neurons that project to the
VTA, leading to increased ACh levels in the VTA, this is not critical for MA-induced
increases in NAc DA levels. In addition, PPT cholinergic neurons do not seem to be
recruited for basal or MA-induced increases in ACh levels within the VTA. These data also
suggest that LDT cholinergic neurons are involved in locomotor activity after saline or MA
injection.
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4.1. Basal versus methamphetamine-induced acetylcholine responses
While intra-LDT OXO dose-dependently attenuated the MA-induced increase in intra-VTA
ACh, basal levels of ACh were unaffected. Previous studies applying the mixed nicotinic/
muscarinic ACh agonist carbachol to the mesopontine tegmentum suggest there may be
separate groups or sub-types of cholinergic neurons within the LDT and PPT [30,31]. These
groups may be differentially responsive to MA and OXO or have a different expression of
the M2 ACh receptor, resulting in differential effects on basal and MA-induced levels of
ACh.

Investigations of the mesopontine cholinergic contribution to the ponto-geniculo-occipital
waves associated with rapid eye movement (REM) sleep have revealed two
electrophysiologically different sub-types of cholinergic neurons within the LDT and PPT.
Low-threshold bursting (LTB) neurons are suspected to maintain high levels of ACh in
terminal regions through the ability to produce burst firing while non-LTB neurons, which
are incapable of burst-firing, possess a potassium channel-mediated after-hyperpolarization
(AHP) and are thought to maintain tonic levels of ACh in terminal regions [32,33]. In cats,
cholinergic agonists applied to the mesopontine tegmentum decreased burst firing-induced
ACh levels in the lateral geniculate nucleus, likely through an action on M2 autoreceptors
[30]. These sub-types of cholinergic neurons within the LDT and PPT are heterogeneously
distributed among other types of cells (principally GABAergic and glutamatergic neurons),
making them difficult to target individually. It is not clear whether non-LTB cholinergic
neurons possess the inhibitory M2 autoreceptor. One speculation is that cholinergic neurons
on which MA and OXO act possess the inhibitory M2-type ACh receptor, while cholinergic
neurons responsible for maintaining basal tone in terminal regions do not express these
receptors (at least to the same degree or sensitivity). This is, of course, only one hypothesis
for the method of action of these drugs and future studies are needed to clarify whether these
sub-types of cholinergic neurons differentially express M2 (or other) ACh receptors.

4.2. Mesopontine acetylcholine in methamphetamine-induced locomotor activity and
dopamine levels

These experiments are the first to show that MA specifically activates LDT, but not PPT,
ACh neurons and that inhibition of the LDT-to-VTA cholinergic projection is related to a
non-selective impairment of locomotor activation (MA-induced and spontaneous).
Furthermore, these data show that neither inhibition of LDT- nor PPT-derived cholinergic
tone in the VTA affected MA-induced increases in DA levels within the NAc.

Although previous studies clearly support the role of mesopontine ACh in the modulation of
DA burst firing and release [7,34,35], the current findings are not necessarily incompatible
with the literature. MA is capable of inducing DA release in the absence of neuronal
stimulation, thus cholinergic enhancement of DA activity may be insignificant compared to
MA’s affects at DA terminals. Several mechanisms have been reported to underlie the
ability of amphetamine compounds to induce stimulation independent DA release. These
include, but are not limited to, the weak base hypothesis and actions at the vesicular
monoamine transporter (VMAT) and DAT [for an in depth review the reader is referred to
36]. The MA-induced increase in ACh, which can increase DA neuron excitability [37,38],
is likely masked by the action of MA on DA terminals. The current data also suggest that
mesopontine-derived cholinergic tone within the VTA is not necessary for basal DA levels
in the NAc. Interestingly, the MA-induced increase in extracellular DA levels was more
short-lived compared to the sustained decrease in DOPAC levels. Amphetamines (including
MA) are known to reverse the DAT and inhibit monoamine oxidase (MAO), thereby
inhibiting DA re-uptake and metabolism into DOPAC [for a review see 36]. Thus, this
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prolonged effect on DOPAC levels suggests MA was still present in the synapse 1.5 h after
administration even though DA levels had returned to baseline.

Microinjection pretreatment of 10 nM OXO into the LDT selectively decreased MA-induced
(but not basal) ACh levels in the dialysis experiment, but was related to a non-selective
inhibition of locomotor activity (MA-induced and spontaneous). While we cannot establish
a causal link between the neurochemical response and locomotor activity measured in these
two experiments, previous experiments in our lab enable us to make some inferences about
the current data. We previously reported that 2 mg/kg MA significantly increases VTA ACh
levels [18]. Since 10 nM OXO inhibited the 3.5 mg/kg MA-induced increase in ACh levels
in the current study, it is likely that it was able to inhibit the 2.0 mg/kg MA-induced increase
in ACh in the locomotor experiment. Previous studies also suggest that neostigmine may
affect the local pharmacologic milieu and ultimately have effects on behavior [29,39,40].
While we cannot rule out an effect of neostigmine on our cholinergic microdialysis data, we
feel that a significant effect is unlikely given the low concentration (0.3 µM) used in the
current experiments. Thus, these data suggest that inhibition of the LDT-to-VTA cholinergic
pathway does not alter MA-specific locomotor activity.

There are several possible explanations for why OXO affected locomotion after saline
injection independently of DA or ACh levels. First, OXO may have diffused into a
neighboring region to exert its effects on activity independently of DA or ACh levels in the
NAc and VTA, respectively. To address the site specificity of OXO’s effects on locomotor
activity injections were made into the inferior colliculus (IC), a control site located 1 mm
dorsal to the LDT. The most likely diffusion route would be in a dorsal direction via the
injector tract; however, microinjections into the IC had no effect no basal or MA-induced
locomotor activation. Although less likely, it is possible that OXO diffused in a lateral and
anterior direction to affect the PPT. While we did not asses the contribution of PPT-derived
ACh on MA-induced locomotor activity, evidence suggests that this region is not essential
for locomotor activation [1,41,42]. The cholinergic neurons of the anterior PPT (aPPT)
project mainly to the substantia nigra (SN), while the cholinergic neurons located in the
posterior PPT (pPPT), which is closer to our LDT injection target, project to DA neurons in
the VTA. If diffusion occurred in a lateral and anterior direction it is most likely that the
pPPT cholinergic neurons were affected, which have the same target DA neurons as the
LDT cholinergic neurons [8,42]. Thus, any limited diffusion of OXO to the pPPT would
most likely result in an outcome similar to an LDT microinjection. We can extrapolate from
this information that it is unlikely that diffusion of OXO into the PPT contributed to an
attenuation of locomotor activity.

Second, it is also possible that a decrease in ACh or DA levels after saline injection was not
detected due to a floor effect. Although a non-significant decrease in picograms of ACh was
observed across OXO treatment groups when comparing levels between baseline and after
saline injection, it is possible that a further decrease in ACh could have occurred but was not
detected. ACh levels at baseline and after saline injection in the VTA were low (Table 2)
and following the high concentration of intra-LDT OXO some ACh levels fell below
detection limits. When this occurred, samples were excluded from the analysis.

Third, the different contexts and handling procedures associated with the locomotor activity
and microdialysis experiments could have contributed to the different pattern of results
between the two experiments. The locomotor and microdialysis experiments were performed
separately and in different testing chambers. It is possible that the different chambers and
basic differences in handling used in these two experiments could have contributed to the
lack of an observed relationship between locomotor activity and neurotransmitter levels.
Ideally, we would like to be able to measure ACh and DA during locomotor activity;
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however there are significant problems with performing these experiments simultaneously.
Previous experiments in our lab have found that the timed collection of dialysis samples
disrupts the animal’s behavior and that behavioral disruptions can artificially affect
transmitter levels (unpublished observations). In both experiments mice were allowed to
habituate to their chambers the day before data was collected. However, in the locomotor
experiment mice were also habituated to handling and injection the day before collecting
baseline activity data, while samples analyzed for ACh and DA were collected with no
previous habituation to injection. This may have resulted in a stress response in the
microdialysis experiment and prevented a significant decrease in ACh or DA levels.
Conversely, habituation to handling and injection in the locomotor experiment may have
attenuated any stress response, thereby affecting activity. Locomotor activity did tend to be
higher on the first day compared to the second day of testing (data not shown). Although, it
is unknown how much novelty and handling stress each contributed to the difference in
activity between day one and two.

Despite the procedural differences between the dialysis and locomotor experiments, these
data provide several significant and novel findings that enhance our understanding of MA’s
neurochemical and behavioral effects. Although inhibition of LDT-derived ACh did not
affect locomotor activity in a MA-specific fashion, this does not preclude the possibility that
LDT ACh could underlie other MA-related (and non-MA-related) behaviors. Indeed, there
are multiple neurochemical and behavioral changes that occur following MA and/or OXO
administration, which were not measured in these experiments.

Finally, the difference in the pattern of results following OXO administration could be due
to the distribution of M2 ACh receptors, the subtype of receptor to which OXO
preferentially binds. This receptor subtype may be located on non-cholinergic cells, such as
glutamatergic neurons, so that activation of these receptors may mediate basal locomotor
activity independent of an effect on cholinergic neurons. Previous research has confirmed
that the M2 ACh receptor is located on cholinergic neurons within the LDT and PPT and
that activation of this receptor results in a tetrodotoxin (TTX)-insensitive hyperpolarization
and subsequent neuronal inactivation [43–46]. It is not clear, however, if the M2 receptor is
expressed on non-cholinergic neurons, such as glutamate or GABA, within the LDT and
PPT. One study found more restricted labeling of choline acetyltransferase (ChAT) mRNA,
a biomarker for ACh neurons, than the ACh M2 receptor mRNA [45]. Further, bath
application of carbachol induced a hyperpolarization in vitro regardless of neuronal
phenotype, although 79% of neurons tested were cholinergic [33]. These studies suggest that
non-cholinergic neurons may express M2 receptors. There are also known glutamate
projections from the LDT to the VTA [47,48, and for a review see 49]. Furthermore,
application of glutamatergic agonists in the VTA enhance, while antagonists inhibit,
locomotor activity and DA levels in terminal regions [50,51]. Thus, it is conceivable that the
locomotor attenuation seen in the current data may in part be due to effects via the glutamate
projection to the VTA. Further investigation is needed to clarify if the M2 ACh receptor is
expressed on non-cholinergic neurons within the LDT and PPT.

5. Conclusions
The present findings suggest that attenuation of LDT-derived ACh in the VTA, but not NAc
DA, is related to an inhibition in locomotor activity in C57BL/6 J mice, which is consistent
with previous research implicating the LDT in spontaneous and drug-induced activity
[52,53]. In addition, although MA stimulated LDT cholinergic neurons induce an increase in
VTA ACh, this did not appear to play a significant role in the MA-induced increase in DA
within the NAc nor was this specific to MA-induced locomotor activity. While the present
findings significantly contribute to our understanding of MA’s neurochemical and
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behavioral effects, additional studies are needed to clarify if the LDT-to-VTA cholinergic
pathway is involved in other MA-related behaviors.

The LDT and PPT are situated in a key area to receive sensory information and mediate
locomotor output. This neurochemically diverse brainstem region is important for
interpreting sensory information, likely received from the superior colliculus, to guide
appropriate motor behaviors. Given the mesopontine region’s extensive and reciprocal
functional connections with the mesolimbic reward circuit it is reasonable to hypothesize a
role of the PPT or LDT in learning about reward-associated cues.

Abbreviations

ACh acetylcholine

DA dopamine

LDT laterodorsal tegmental nucleus

MA methamphetamine

OXO oxotremorine

PPT pedunculopontine tegmental nucleus
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Fig. 1.
Microdialysis probe placements in the VTA and NAc and bilateral microinjection locations
in the LDT and PPT are shaded and shown overlaid on plates taken from the atlas of Paxinos
and Franklin [26]. Successful LDT microinjection targets for Experiment 1 are shown in
panel A. Panels B and C show successful intra-VTA microdialysis probe placements for
Experiments 2 and 3 (top) with the corresponding LDT (B, bottom) and PPT (C, bottom)
microinjection locations. Panels D and E show successful intra-NAc microdialysis probe
placements for Experiments 4 and 5 (top) with the corresponding LDT (D, bottom) and PPT
(E, bottom) microinjection locations. Probe placements were counterbalanced for side and
plates are labeled as mm from bregma. CIC: central nu of inferior colliculus; CPu: caudate
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putamen; LDT: laterodorsal tegmental nu; LPAG: lateral periaqueductal grey; NAc: nucleus
accumbens; PnO: pontine reticular nu (oral part); PPT: pedunculopontine tegmental nu;
SNc: substantia nigra, compact; SNr: substantia nigra, reticular; VTA: ventral tegmental
area.
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Fig. 2.
Effect of bilateral OXO microinjections into the LDT (A) or a dorsal control site, the
inferior colliculus (IC; B). Mice received IP saline or MA immediately following the
microinjection. Data are depicted as a percent of baseline (represented by the dotted line)
and collapsed on IP treatment with OXO group sample sizes on their respective bar. (A)
Mice pretreated with a bilateral microinjection into the LDT of aCSF (white bar) or 1 nM
OXO (grey bar) immediately followed by IP saline or MA (2 mg/kg) showed a significant
increase in locomotor activity on test day. Pretreatment with 10 nM OXO (black bar) had no
significant effect on locomotor activity. (B) Bilateral OXO pretreatment into the IC had no
effect on test day locomotor activity. *p < 0.05 vs. baseline activity.
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Fig. 3.
Effect of bilateral OXO microinjections into the LDT on ACh levels in the VTA. Data are
depicted as a percent of baseline (represented by the dotted line). (A) The ACh time course
in response to aCSF (white circles), 1 nM (light grey squares), 5 nM (dark grey diamonds),
or 10 nM (black triangles) OXO microinjection and IP saline (Sal; broken arrow) or MA
(3.5 mg/kg; solid arrow) is shown in 20-min bins. (B) ACh samples were collapsed for each
mouse after saline injection (Saline) and in the first 80 min after MA injection (3.5 mg/kg;
MA) for analysis. There was a significant increase in ACh levels in mice pretreated with
aCSF (white bar) or 1 nM OXO (light grey bar) following IP MA compared to saline.
Compared to aCSF, microinjection pretreatment with 5 nM OXO significantly decreased
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MA-induced ACh levels. Treatment group sample sizes are shown on their respective bar.
*p < 0.05 MA vs. saline; β p < 0.05 vs. aCSF MA group.
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Fig. 4.
Effect of bilateral OXO microinjections into the PPT on ACh levels in the VTA. Data are
expressed as a percent of baseline (represented by the dotted line). (A) The time course of
ACh in response to intra-PPT OXO (10 nM; solid triangles) or aCSF (open circles)
microinjection and IP injection of saline (Sal; broken arrow) or MA (3.5 mg/kg; solid arrow)
is shown in 20-min bins. (B) ACh samples were collapsed for each mouse after saline
injection (Saline) and in the first 80 min after MA injection (3.5 mg/kg; MA) in each OXO
treatment group for analysis. There was a significant increase in ACh levels following IP
MA in both 10 nM OXO- (solid bar) and aCSF-pretreated (open bar) mice. Treatment group
sample sizes are shown on their respective bar. **p = 0.001 vs. IP saline.
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Fig. 5.
Effect of bilateral OXO microinjections into the LDT on DA levels in the NAc. Data are
expressed as a percent of baseline (represented by the dotted line). (A) The time course of
DA levels in response to intra-LDT OXO (10 nM; solid triangles) or aCSF (open circles)
microinjection and IP injection of saline (Sal; broken arrow) or MA (3.5 mg/kg; solid arrow)
is shown in 20-min bins. (B) DA samples were collapsed for each mouse after saline
injection (Saline) and in the first 40 min after MA injection (3.5 mg/kg; MA) in each OXO
treatment group for analysis. Microinjection of 10 nM OXO (solid bar) into the LDT had no
effect on the MA-induced increase in DA levels. Treatment group sample sizes are shown
on their respective bar. **p = 0.001 vs. IP saline.
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Fig. 6.
Effect of bilateral OXO microinjections into the LDT on levels of the DA metabolite,
DOPAC, in the NAc. Data are expressed as a percent of baseline (represented by the dotted
line). (A) The time course of DOPAC levels in response to intra-LDT OXO (solid triangles)
or aCSF (open circles) microinjection and IP injections of saline (Sal; broken arrow) or MA
(3.5 mg/kg; solid arrow) is shown in 20-min bins. (B) Data were collapsed after saline
injection (Saline) and the first 40 min after MA injection (MA) in each OXO treatment
group for analysis. There was a significant decrease in DOPAC levels after IP MA in both
10 nM OXO- (solid bar) and aCSF-pretreated (open bar) mice. Treatment group sample
sizes are shown on their respective bar. ***p < 0.0001 vs. IP saline.
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Fig. 7.
Effect of bilateral OXO microinjections into the PPT on DA levels in the NAc. Data are
expressed as a percent of baseline (represented by the dotted line). (A) The time course of
DA levels in response to OXO (solid triangles) or aCSF (open circles) and IP saline (Sal;
broken arrow) or MA (3.5 mg/kg; solid arrow) is shown in 20-min bins. (B) Data were
collapsed after saline injection (Saline) and the first 40 min after MA injection (MA) in each
OXO treatment group for analysis. There was a significant increase in DA levels following
IP MA compared to saline in both 10 nM OXO- (solid bar) and aCSF-pretreated (open bar)
mice. Treatment group sample sizes are shown on their respective bar. *p < 0.05 vs. IP
saline.
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Fig. 8.
Effect of bilateral OXO microinjections into the PPT on levels of the DA metabolite,
DOPAC, in the NAc. Data are expressed as a percent of baseline (represented by the dotted
line). (A) The time course of DOPAC levels in response to OXO (black triangles) or aCSF
(white circles) and IP saline (Sal; broken arrow) or MA (3.5 mg/kg; solid arrow) is shown in
20-min bins. (B) Data were collapsed after saline injection (Saline) and the first 40 min after
MA injection (MA) in each OXO treatment group for analysis. There was a significant
decrease in DOPAC levels following IP MA compared to saline in 10 nM OXO- (black
bars) and aCSF-pretreated (white bars) mice. ***p < 0.0001 vs. IP saline.
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Table 1

Extracellular levels of VTA ACh at baseline and following a control saline injection analyzed with HPLC and
LC–MS/MS.

HPLCa LC–MS/MSa

Baseline 0.85 ± 0.07 (N = 58) 0.98 ± 0.29 (N = 23)

Post-saline 0.83 ± 0.07 (N = 63) 1.09 ± 0.20 (N = 37)

There was no difference in extracellular ACh between two analytical methods, high performance liquid chromatography (HPLC; left column) or
liquid chromatography tandem mass spectrometry (LC–MS/MS; right column) using a Welch’s corrected t-test at baseline (p = 0.668) or post-
saline (p = 0.247). There was also no significant change in extracellular ACh levels between baseline and post-saline for the HPLC (p = 0.868) or
LC–MS/MS method (p = 0.753).

a
Data expressed as pg ACh/µl dialysate.
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