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Abstract

The ventral tegmental area (VTA) and the rostromedial tegmental nucleus (RMTg) each contribute 

to opiate reward and each receive inputs from the laterodorsal tegmental and pedunculopontine 

tegmental nuclei, the two principle brainstem cholinergic cell groups. We compared the 

contributions of VTA or RMTg muscarinic cholinergic receptors to locomotion induced by 

morphine infusions into the same sites. VTA co-infusion of atropine completely blocked VTA 

morphine-induced locomotion providing additional support for the important role of VTA 

muscarinic cholinergic receptors in the stimulant effects of opiates. By contrast, RMTg co-

infusion of atropine increased RMTg morphine-induced locomotion. Furthermore, RMTg co-

infusion of the M3-selective antagonist 4-DAMP, but not the M4-selective antagonist Tropicamide, 

strongly increased RMTg morphine-induced locomotion. RMTg infusions of 4-DAMP, but not of 

Tropicamide, by themselves strongly increased drug-free locomotion. Muscarinic cholinergic 

receptors in the RMTg thus also contribute to the stimulant effects of morphine, but in a way 

opposite to those in VTA. We suggest that the net effect of endogenous cholinergic input to the 

RMTg on drug-free and on RMTg morphine-induced locomotion is inhibitory.
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Muscarinic cholinergic receptors in the ventral tegmental area (VTA) contribute to the 

stimulant effects [1, 2] and to the rewarding effects of systemic morphine [3, 4], as well as to 

nucleus accumbens (NAcc) dopamine increases induced by systemic [3, 5] or by intra-VTA 

[6] morphine. Rats or mice learn to self-administer opiates into either the VTA [7, 8] and 

into a region just caudal to the VTA identified by some as the rostromedial tegmental 
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nucleus (RMTg [9, 10]) and by others as the “tail” of the VTA [11]. Cholinergic input to the 

RMTg also contributes to the stimulant effects of systemic morphine [12].

The VTA receives cholinergic inputs from the pedunculopontine tegmental nucleus (PPTg) 

and the laterodorsal tegmental nucleus (LDTg) [13, 14]. The RMTg also receives input from 

each of the LDTg and PPTg [9, 15] and recent evidence shows that at least some of the 

LDTg/PPTg input to the RMTg input is cholinergic with the same LDT/PPTg cholinergic 

neurons sending collaterals to both RMTg and VTA [12]. Given that the VTA and the RMTg 

each receive mesopontine cholinergic inputs and that muscarinic cholinergic receptors in 

VTA and RMTg each contribute to the stimulant effects of systemic morphine, we wanted to 

1) compare locomotion induced by morphine infusions into either the VTA or the RMTg, 

and 2) determine the contributions of muscarinic cholinergic receptors in VTA or RMTg to 

locomotion induced by morphine infused into the same sites. To accomplish this C57BL/6 

mice (Charles River), maintained on a 12-hour light/dark cycle (lights on at 7:00 AM) with 

food and water available ad libitum throughout, were implanted with guide cannulae (26 ga; 

Plastics One Inc.) aimed at either the VTA (A-P -3.4, M-L ± 0.5, D-V – 4.2, n = 6) or the 

RMTg (A-P -4.0, M-L ± 0.3, D-V – 4.3, n = 20) as previously described [1]. All experiments 

were performed in accordance with the guidelines outlined in the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. Mice were tested individually in 

opaque open-field enclosures (40×40×35 cm) equipped with designated digital cameras 

connected to a video-tracking system (ANY-maze; Stoelting Inc.) that quantified the amount 

of forward locomotion. All intra- cranial infusions (33 ga injector cannulae 2 mm longer 

than guides) were made at a volume of 0.3 µl and at rate of 0.2 µl/min. Following a 3 hr 

drug-free habituation session each mouse received each of four intracranial treatments across 

days 2–5: a) 5nM morphine (generously provided by the National Institute on Drug Abuse), 

b) antagonist alone (3 µg Atropine [Sigma- Aldrich] or 2 µg 1,1-Dimethyl-4-

diphenylacetoxypiperidinium iodide [4-DAMP; Tocris Bioscience] or1.3 µg Tropicamide 

[Tocris Bioscience], c) 5nM morphine co-infused with antagonist, and d) vehicle (saline for 

atropine studies, 0.05% DMSO for 4-DAMP and Tropicamide studies). The order of 

treatments across mice followed a Latin-square design. Following completion of behavioral 

testing mice were transcardially perfused and coronal cryosections throughout the extent of 

the RMTg and VTA were stained with cresyl violet to verify injection sites.

Morphine infusions into VTA sites (between Bregma -3.28 to – 3.80 [Fig 1A and 1B]) or 

into RMTg sites (between Bregma -4.04 and -4.36 [Fig 1E and 1F]) increased total 

locomotion relative to saline infusions (Fig 1C and Fig 1D). VTA atropine co-infusions 

reduced total VTA- morphine induced locomotion while RMTg atropine co-infusions 

increased total RMTg- morphine induced locomotion (ANOVA main effects of 

TREATMENT: VTA [F3, 18 = 4.12, p < 0.05] and RMTg [F3, 15 = 12.99, p < 0.01]. Fisher’s 

LSD post-hoc test confirmed greater locomotion following morphine compared to saline for 

each site [p’s < 0.05], decreased locomotion following VTA atropine co-infusion relative to 

VTA morphine alone [p < 0.01] and increased locomotion following RMTg atropine co-

infusion relative to RMTg morphine alone [p < 0.01]). Time course analysis showed that 

VTA atropine co-infusion reduced VTA morphine- induced locomotion to saline levels 

throughout the testing period (Fig 1D; TREATMENT×TIME interaction [F51, 306 = 1.66, p < 

0.01]) while RMTg atropine co-infusion increased RMTg morphine-induced locomotion 
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throughout most of the 3 hr testing period, beyond the 10–90 min time period when RMTg 

morphine by itself maximally increased locomotion (Fig 1H; TREATMENT×TIME 

interaction [F51, 255 = 3.63, p < 0.00001]). VTA atropine infusions by themselves did not 

significantly affect total locomotion relative to saline (Fig 1C [p > .1]), but the time course 

analysis showed that locomotion was increased relative to saline between 30–50 min (Fig 

1D [p’s between < 0.0001 and < 0.05]). In a previous report [1] the same dose of VTA 

atropine was also shown to cause a small and delayed, albeit statistically not significant, 

increase in locomotion in C57BL/6 mice. RMTg atropine infusions by themselves also did 

not significantly affect total locomotion relative to saline (Fig 1G, p > 0.1]), but the time 

course analysis showed an immediate onset short lasting locomotion increase in the first 10 

min (Fig 1H, p < 0.00001]).

Results from VTA atropine studies confirm the critical role of VTA muscarinic receptors in 

the stimulant effects of morphine [1, 2]. Previously it has been shown that VTA morphine-

induced dopamine increases are absent in M5 knockout mice and are similarly blocked by 

VTA scopolamine pre-treatment in wild-type mice [6]. Here we show that VTA atropine 

completely blocks VTA morphine-induced locomotion, suggesting that the ability of VTA 

morphine to increase locomotion, like systemic morphine [1], depends on M5-mediated 

cholinergic excitation of mesolimbic dopamine signaling. Results from RMTg atropine 

studies reveal two novel findings. First, to our knowledge, this is the first demonstration that 

morphine infusions into the RMTg induce locomotion in mice, which is consistent with 

RMTg opioids inducing place preference and supporting opioid self-administration [9]. 

Second, RMTg muscarinic receptors also contribute to the stimulant effects of RMTg 

morphine. However, the effects of RMTg and VTA co-infusion of atropine on locomotion 

induced by morphine infusion into the same site are opposite.

As it recently has been shown that both muscarinic M3 and M4 receptors are found on and 

surrounding RMTg µ-opioid receptor-positive cells [12], each of which would be blocked by 

atropine, we next tested the contributions of RMTg M3 and M4 muscarinic receptors to 

RMTg morphine-induced locomotion (Fig 2A) in two additional groups of mice. RMTg 

morphine infusions increased total locomotion relative to RMTg saline in all mice tested to 

the same extent as seen in atropine studies (Fig 2B and 2D). RMTg co-infusions of the M3-

selective antagonist 4-DAMP increased total RMTg morphine-induced locomotion relative 

to RMTg morphine alone (Fig 2B; main effect of TREATMENT [F3, 15 = 15.143, p < 

0.0001]). By contrast, RMTg co-infusions of the M4-selective antagonist Tropicamide did 

not significantly affect total RMTg morphine- induced locomotion relative to RMTg 

morphine alone (Fig 2D; main effect of TREATMENT [F1.58, 11.08 = 14.47, p < 0.01 with 

Hunyh-Feldt adjusted degrees of freedom]. Fisher’s post-hoc test confirmed greater total 

locomotion following morphine relative to saline for each antagonist group (p’s between < 

0.05 and < 0.01), increased locomotion following RMTg 4-DAMP co-infusion relative to 

morphine alone (p < 0.01) and no change in locomotion following RMTg Tropicamide co-

infusion (p > 0.1). Time course analysis showed that RMTg morphine-induced locomotion 

was increased by 4- DAMP co-infusion throughout the 3 hr testing period, beyond the time 

period during which RMTg morphine by itself maximally increased locomotion (Fig 2C; 

TREATMENT×TIME interaction [F51, 255 = 1.85, p < 0.01]). RMTg infusions of 4- DAMP 
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by themselves also increased total locomotion relative to RMTg saline (Fig 2B, p < .05]) and 

did so between 10 and 120 min (Fig 2C, p’s between < .00001 and < .05]).

To further evaluate the observed dissociation between RMTg M3 and M4 receptors we 

tested the effects of RMTg Tropicamide infusions in a subset of mice in which the effects of 

4-DAMP had been tested first. RMTg Tropicamide infusions also did not significantly 

affected total locomotion in these mice (Fig 2F, ANOVA main effect of TREATMENT [F2, 8 

= 8.80, p < 0.01], Fisher’s LSD post hoc test confirmed no significant difference in 

locomotion between RMTg Tropicamide relative to RMTg saline [p > 0.1]). By contrast, 

RMTg 4-DAMP infusions in mice in which the effects of Tropicamide had been tested first, 

increased total locomotion relative to RMTg saline (Fig 2G, ANOVA main effect of 

TREATMENT [F1.14, 7.99 = 19.52, p < 0.01 with Huynh- Feldt adjusted degrees of freedom], 

Fisher’s LSD posthoc test showed that locomotion was significantly increased following 

RMTg 4-DAMP relative to RMTg saline [p < 0.01]). The extent to which RMTg 4-DAMP 

increased locomotion in these mice was comparable to levels observed in mice used for 

initial 4-DAMP studies (compare pink bars in Fig 2G and 2B). Thus, in the same RMTg 

sites in which Tropicamide infusions had no effect, 4-DAMP infusions significantly 

increased locomotion. Conversely, in the same RMTg sites in which 4-DAMP infusions 

significantly increased locomotion, Tropicamide infusions had no effect.

To test whether the lack of Tropicamide effects were unique to the dose used (1.3 µg 

Tropicamide was chosen to be approximately equi-molar to 3 µg atropine) 4 mice from each 

of the 4-DAMP and Tropicamide groups underwent two additional testing days on which the 

effects of 10.3 µg RMTg Tropicamide alone or co-infused with morphine on locomotion 

were evaluated. In these mice RMTg co-infusions of 10.3 µg Tropicamide with morphine 

did not significantly affect total locomotion relative to morphine alone. RMTg infusions of 

10.3 µg Tropicamide by themselves appeared to slightly increase total locomotion relative to 

RMTg saline but not to a statistically significant extent (Fig 2H; main effect of 

TREATMENT [F1.59, 11.17 = 6.93, p < 0.05 with Huynh-Feldt adjusted degrees of freedom] 

and Fisher’s post-hoc test confirmed that locomotion was significantly increased following 

RMTg morphine relative to RMTg saline [p < 0.01]).

Our data support the importance of cholinergic input to the RMTg in modulating open-field 

locomotion [2, 12]. We show for the first time that endogenous cholinergic input to the 

RMTg, mediated through M3 receptors, contributes to drug-free locomotion and to RMTg 

morphine-induced locomotion. Cholinergic excitation of M3 receptors, associated with 

RMTg GABA neurons [12], is expected to increase RMTg GABAergic input to VTA 

dopamine neurons. Accordingly, RMTg M3 receptor blockade strongly increased drug-free 

locomotion. It has been suggested that opiate inhibition of RMTg GABA neurons, similar to 

what has been previously suggested for opiate inhibition of VTA GABA neurons [1, 6], 

results in decreased GABAergic input to the PPTg and/or LDTg, in turn resulting in 

increased cholinergic input to the RMTg [2, 12]. Our data suggest that such increased 

cholinergic input to the RMTg must excite RMTg GABA neurons via M3 receptors. This, 

unlike cholinergic feedback to the VTA, results in inhibition of morphine-induced 

locomotion. In support of this concurrent blockade of M3 receptors strongly increased 

locomotion induced by RMTg morphine. The net effect of blocking an excitatory 
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cholinergic input to the RMTg may be inhibition of RMTg GABA neurons. Consistent with 

this direct chemogenetic inhibition of RMTg GABA neurons has also been shown to 

increase locomotion induced by systemic morphine [12].

The experimental design employed here allowed us to compare the contributions of 

muscarinic cholinergic receptors to local VTA or RMTg opiate effects. Systemic morphine 

by contrast will act in the VTA and RMTg simultaneously, in turn activating each proposed 

cholinergic feedback loop. An outstanding question is thus whether both pathways will 

necessarily contribute equally to the effects of systemic morphine. While the importance of 

VTA muscarinic receptors to the locomotor, rewarding and dopamine release-inducing 

effects of systemic morphine have been well documented, the effects of muscarinic 

antagonists in RMTg to each of these have not been systematically studied.

In conclusion, we show that locomotor effects are elicited by either VTA or RMTg morphine 

in mice. Cholinergic receptors in VTA and in RMTg each contribute to the locomotor effects 

of VTA and RMTg morphine, respectively, but do so in opposite ways.
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Highlights

• VTA or RMTg morphine each increase locomotion

• VTA atropine blocks VTA morphine locomotion

• RMTg atropine increases RMTg morphine locomotion

• RMTg M3 but not M4 receptors are critical for RMTg morphine locomotion
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Figure 1. VTA atropine decreases VTA morphine-induced locomotion while RMTg atropine 
increases RMTg morphine-induced locomotion
A. Bilateral VTA injection sites (n =7). B. Representative image of a cresyl violet- stained 

section showing VTA injection sites. C. VTA morphine (MOR) increased total locomotion 

(3 hr) relative to VTA saline (SAL). VTA co-infusion of 3µg atropine (ATR & MOR) 

reduced VTA morphine-induced locomotion to saline levels. VTA infusion of atropine alone 

(ATR) had no significant effect on locomotion (n =7; * p < 0.05; ** p < 0.01). D. 
Locomotion time course: VTA morphine increased locomotion relative to VTA saline 
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between 20 and 110 minutes (* p’s between < .00001 and < .01). VTA co-infusion of 3µg 

atropine reduced VTA morphine-induced locomotion to saline levels throughout the 3-hr 

testing period ($ p’s between < 0.0001 and < 0.05 [Atropine & Morphine vs. Morphine]). 

VTA atropine alone increased locomotion relative to VTA saline between 30–60 min (# p’s 

between < 0.0001 and < 0.05). E. Bilateral RMTg injection sites (n = 6; stars) and injections 

sites that were medial or dorsal to the RMTg (n = 4; X symbol; morphine infusion into these 

sites did not induce locomotion and atropine by itself or co- infused with morphine also was 

without any effect). F. Representative image of a cresyl violet-stained section showing 

RMTg injection sites. G. RMTg morphine (MOR) increased total locomotion (3 hr) relative 

to RMTg saline (SAL). RMTg co-infusion of 3 µg atropine (ATR & MOR) increased RMTg 

morphine-induced locomotion relative to RMTg morphine alone (MOR). RMTg infusion 

with atropine alone (ATR) had no significant effect on locomotion (n = 6; * p < 0.05; ** p < 

0.01). H. Locomotion time course: RMTg morphine increased locomotion relative to RMTg 

saline between 10 and 90 minutes (* p’s between < 0.000001 and < 0.01). RMTg co-

infusion of 3 µg atropine increased RMTg morphine-induced locomotion ($ p’s between < 

0.000001 and < 0.01 [Atropine & Morphine vs. Morphine]). RMTg atropine alone increased 

locomotion relative to RMTg saline in the first 10 min (# p < .00001). All error bars 

represent ±SEM.
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Figure 2. RMTg co-infusion of the M3-selective muscarinic receptor antagonist 4- DAMP, but 
not the M4-selective muscarinic receptor antagonist Tropicamide, increases RMTg morphine-
induced locomotion
A. RMTg injection sites for mice in which the effects of co-infusing the M3-selective 

muscarinic receptor antagonist 4-DAMP (n = 6; solid circles) or the M4-selective muscarinic 

receptor antagonist Tropicamide (n = 8; stars) on RMTg morphine- induced locomotion 

were tested. B. RMTg 4-DAMP increased total locomotion relative to RMTg vehicle (VEH, 

[# p < .05]). RMTg co-infusion of 2 µg 4- DAMP (4DAMP & MOR) increased RMTg 

morphine-induced locomotion relative to RMTg morphine (* p < 0.05; ** p < 0.01). C. 
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RMTg 4-DAMP - locomotion time course: RMTg morphine increased locomotion relative 

to RMTg vehicle between 10 and 140 minutes (* p’s between < 0.0001 and < 0.05). RMTg 

co-infusion of 2 µg 4DAMP increased RMTg morphine-induced locomotion relative to 

RMTg morphine alone throughout the 3-hr testing period ($ p’s between < 0.00001 and < 

0.05). RMTg infusions of 4-DAMP alone increased locomotion relative to RMTg saline 

between 10 and 120 min (# p’s between < 0.05 and < 0.00001). D. RMTg co-infusion of 1.3 

µg Tropicamide (TROP & MOR) did not significantly affect total (3 hr) RMTg morphine-

induced locomotion. RMTg morphine (MOR) increased locomotion relative to RMTg 

vehicle (VEH, [** p < 0.01]). RMTg infusions of Tropicamide alone (TROP) did not 

significantly affect locomotion relative to vehicle. E. RMTg Tropicamide - locomotion time 

course: RMTg morphine increased locomotion relative to RMTg vehicle between 10 and 

160 minutes (* p’s between < 0.00001 and < 0.05). RMTg co-infusion of 1.3 µg 

Tropicamide did not affect RMTg morphine-induced locomotion. RMTg infusions of 

Tropicamide alone did not significantly affect locomotion relative to RMTg vehicle. F. The 

effects of RMTg infusions of 1.3 µg Tropicamide were tested in 5 of 6 mice used for initial 

4-DAMP testing (1of 6 mice lost its intracranial implant following completion of 4-DAMP 

testing). RMTg infusion of Tropicamide did not significantly affect total locomotion. 

Vehicle and 4-DAMP locomotion data for this subset of mice are included from panel B (* p 

< 0.05; ** p < 0.01). G. The effects of RMTg infusions of 2 µg 4- DAMP were tested in 

mice used for initial Tropicamide testing (n =8). RMTg infusions of 4-DAMP significantly 

increased total locomotion. Vehicle and Tropicamide locomotion data are included from 

panel D (** p < 0.01). H. Eight mice (4 from each of the initial 4-DAMP and Tropicamide 

testing groups) underwent two additional testing sessions during which the effects of 10.3 µg 

RMTg Tropicamide alone or in combination with RMTg morphine were tested. RMTg co-

infusion of 10.3 µg Tropicamide did not affect total RMTg morphine- induced locomotion 

relative to RMTg morphine alone. RMTg infusion of 10.3 µg Tropicamide alone did not 

significantly affect total locomotion relative to RMTg vehicle. RMTg morphine significantly 

increased total locomotion relative to vehicle (* p < 0.01; ** p < 0.001). Vehicle and 

morphine locomotion data for this subset of mice are included from panels B & D. All error 

bars represent ±SEM.
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