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    Chapter 14   

 Muscarinic Receptor Gene Transfections and In Vivo 
Dopamine Electrochemistry: Muscarinic Receptor Control 
of Dopamine-Dependent Reward and Locomotion 

           Stephan     Steidl    ,     David     Ian     Wasserman    ,     Charles     D.     Blaha    , 
and     John     Yeomans    

    Abstract 

   Cholinergic neurons in laterodorsal (LDT) and pedunculopontine (PPT) tegmental nuclei respond to 
novel, arousing stimuli, then directly activate dopamine neurons, and increase dopamine outputs as mea-
sured by either in vivo microdialysis or by electrochemistry (described here). These mesopontine choliner-
gic neurons also directly activate superior colliculus and thalamic systems important for attention to novel 
stimuli, and for reward-seeking behaviors. M 5  muscarinic receptors that activate dopamine neurons 
and reward-seeking behaviors have been studied using pharmacology, knockout mice, oligonucleotide 
knockdown, and with electrochemistry and Herpes simplex viral gene transfections (HSV-M 5 ) protocols 
described here. Protocols for using HSV-M 5  genes, and designed M 4 D and M 3 D muscarinic receptor 
genes in behaving mice and for dopamine electrochemistry are presented, along with consequences for 
drug and gene therapy.  
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1      Background and Historical Overview 

 Dopamine neural output is important for human diseases, such as 
Parkinson’s, schizophrenia, and drug abuse. Drugs that infl uence 
dopamine output have powerful effects on behaviors in animals 
(such as locomotion, reward seeking, and motor control) and simi-
larly powerful effects on confi dence, mood and motor control in 
humans important for the therapeutic value of pharmaceuticals. 
We have studied how dopamine neural outputs and reward- seeking 
behaviors in rodents are infl uenced by cholinergic and GABAergic 
neurons of the midbrain and pons, and then how M 2 , M 3 , M 4 , and 
especially M 5  muscarinic receptors and gene manipulations infl u-
ence dopamine effl ux and behaviors. 
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  The m5 receptor gene was discovered by Bonner’s group [ 1 ], 
shortly after the identifi cation of m1–m4 genes. Complete maps of 
m1–m5 mRNA expression are now available on the Allen Mouse 
Brain Atlas. Regional localization of M 1 –M 5  proteins in brain stem 
has been reviewed [ 2 ]. 

 Immunoprecipitation studies show that M 5  receptors account 
for only about 1 % of all muscarinic receptors in the rat brain. Low 
receptor numbers make it diffi cult to localize M 5  receptors by 
immunohistochemistry [ 3 ,  4 ]. Expression of m5 mRNA is local-
ized to ventral tegmental area (VTA) and substantia nigra, zona 
compacta (SNc). Following 6-hydroxydopamine dopamine lesions 
m5 mRNA is no longer detected in midbrain [ 5 ,  6 ]. This suggests 
that excitatory M 5  receptors are important for activation of dopa-
mine neurons, and inspired the creation of M 5  knockout (M 5 - KO) 
mice [ 7 ,  8 ].  

   Cholinergic input to dopamine reward systems was fi rst studied 
using VTA microinjections in rats bar-pressing for rewarding hypo-
thalamic brain stimulation. Microinjections of acetylcholine, nico-
tine or carbachol into the VTA were found to increase sensitivity to 
rewarding brain stimulation [ 9 – 11 ], as well as to increase mesolim-
bic dopamine effl ux [ 12 ]. Microinjections of muscarinic antago-
nists into the VTA were found to reduce sensitivity to rewarding 
brain stimulation more than nicotinic antagonists [ 13 ]. Similarly, 
selective knockdown of M 5  muscarinic receptors with antisense 
 oligonucleotides in the VTA reduced sensitivity to rewarding brain 
stimulation [ 14 ]. 

 Food- and opioid-motivated rewards were also strongly reduced 
by these same muscarinic antagonists in the VTA [ 15 ,  16 ]. Acetyl-
choline levels in VTA are increased during eating, drinking and 
brain-stimulation rewards as measured by in vivo microdialysis [ 17 ].  

   Cholinergic neurons (Ch1–8) are defi ned by the presence of the 
synthesizing enzyme choline acetyltransferase (ChAT) [ 18 ]. The 
only direct projections of cholinergic neurons to the VTA and 
SNc are from pedunculopontine (PPT; Ch5) and laterodorsal teg-
mental nuclei (LDT; Ch6) [ 19 ,  20 ]. The direct projections to 
VTA dopamine neurons from these nuclei are especially from LDT 
and caudal PPT cholinergic and glutamate neurons [ 21 ,  22 ]. The 
Ch5/Ch6 cholinergic projections to VTA and SNc are less 
dense than to thalamus or superior colliculus intermediate layers, 
however. 

 These anatomical connections suggest that cholinergic activa-
tion of dopamine systems is part of a larger cholinergic arousal 
system [ 2 ]. So, novel and rewarding stimuli activate fast saccadic 
eye movements and approach turns via the superior colliculus, 
facilitated by nicotinic input from Ch5 [ 23 ,  24 ]. At the same time, 
Ch5/6 cholinergic activation of thalamus facilitates cortical arousal 
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and attention to these stimuli [ 25 ] via fast nicotinic and slower 
 M 1 -type muscarinic receptors [ 26 ,  27 ]. Ch5 and Ch6 neurons also 
provide weaker anatomical projections to Ch1–4 basal forebrain 
nuclei supporting cortical arousal [ 28 – 30 ]. Finally, SNc and VTA 
dopamine activation provides sustained motor arousal and moti-
vated reward-seeking behaviors. 

 Excitotoxic lesions of PPT and LDT neurons reduce behav-
ioral arousal and reward sensitivity in several ways. For example, 
bilateral lesions of caudal PPT block acquisition of brain- stimulation 
reward [ 31 ] and morphine conditioned place preference [ 32 ]. 
Cholinergic output can be inhibited pharmacologically in PPT or 
LDT by local infusion of the cholinergic agonist carbachol, which 
inhibits Ch5 and Ch6 neurons via M 2  and M 4  inhibitory receptors 
[ 33 ,  34 ]. Carbachol in the PPT similarly inhibits dopamine output 
[ 35 ], brain-stimulation reward or locomotion [ 36 ,  37 ]. By con-
trast, muscarinic antagonists in the PPT or LDT strongly facilitate 
dopamine outputs, rewarding brain stimulation, or locomotion, 
apparently via M 2  receptors [ 38 ]. M 4  receptors in VTA also appear 
to inhibit ACh release from VTA cholinergic terminals [ 39 ].  

   In vivo electrochemistry allows temporal resolution of the many 
different neural pathways and receptors that infl uence dopamine 
transmission (e.g., ref.  38 ). Following LDT or PPT electrical stim-
ulation (see Protocol and Fig.  1 ) dopamine levels change in three 
phases in rats: (1) Dopamine increases for 2–4 min due to both 
VTA nicotinic and AMPA glutamate receptors, (2) Dopamine 
decreases for 5–10 min due to LDT/PPT M 2 -like receptors, fol-
lowed by (3) sustained increases in dopamine (from 10 to 60 min 
post stimulation), due to M 5  muscarinic receptors in VTA or SNc 
[ 38 ,  40 ]. The third phase is completely removed by muscarinic 
receptor antagonists infused into the VTA or SNc, or by m5 gene 
knockout (Fig.  1a ; [ 38 ,  40 – 42 ]). Therefore, M 5  receptors on 
dopamine neurons have very long-lasting and powerful activating 
effects on dopamine outputs to the nucleus accumbens and 
striatum.

   Although excitatory M 3  receptor mRNA is found near orexin/
hypocretin neurons in the lateral hypothalamus, carbachol inhibits, 
and the M 3  antagonist 4-DAMP excites, orexin neurons [ 43 ]. 
Therefore M 3  receptors may excite GABA interneurons in the 
hypothalamus as they do in midbrain near dopamine neurons [ 44 ].   

2    Electrochemical Methods to Study Muscarinic Modulation 
of Brain Dopamine Signaling 

 Oxidization of an electroactive compound such as dopamine results 
in measurable current fl ow (Fig.  1b  bottom). The methods outlined 
below describe an experimental setup that uses chronoamperometry 

1.4  Mesopontine 
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of Dopamine Output 
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in Tegmentum

Muscarinic Receptor Gene Transfections and In Vivo Dopamine Electrochemistry…



  Fig. 1    ( a ) Nucleus Accumbens (NAc) Dopamine Effl ux Measured by Chronoamperometry in Mice after Electrical 
Stimulation of the LDT ( arrow ).  Left Panel Top : In wild-type mice LDT stimulation induces a rapid increase in 
NAc dopamine (1) followed by a decrease in dopamine effl ux from 3 to 8 min (2). Dopamine effl ux is again 
increased from 10 to 60 min following LDT stimulation (3).  Left Panel Bottom : Systemic pretreatment with the 
muscarinic receptor antagonist scopolamine in wild-type mice selectively blocks the third phase of increased 
dopamine effl ux.  Right Panel : In M 5  knockout mice the third phase of increased dopamine effl ux following LDT 
electrical stimulation is completely absent and is not further reduced by systemic scopolamine pretreatment 
(Figure adapted from [ 41 ]). ( b ) In chronoamperometry the applied potential to the working electrode is near- 
instantaneously stepped up from a resting potential to a value above the dopamine oxidation potential (−0.15 V 
to 0.25 V) for 1 s duration at a fi xed interval. To measure dopamine with carbon paste electrodes, the potential 
is instantly stepped from a resting value of −0.15 V to 0.25 V for 1 s, every 30–60 s ( left ). As the potential is 
stepped up, the recorded current increases dramatically, and this is due to charging current of the electrode 
and oxidation of the electroactive species. The charging current decays as the potential is held, and the fara-
daic (i.e., dopamine oxidation) current ( bottom ) is measured and integrated over the fi nal 50 ms of the 1000 ms 
pulse ( middle ; [ 45 ]). Oxidation current is then plotted across time. Dopamine oxidation current is proportional 
to in vivo dopamine concentration ( right ). ( c ) Chronoamperometry in combination with carbon paste electrodes 
to measure in vivo dopamine: the stearate-modifi ed graphite paste recording electrode is implanted in the 
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Fig. 1 (continued) brain area of interest (e.g., the nucleus accumbens), a combined reference and auxiliary 
electrode is placed into contact with the cortex (opposite hemisphere). A potentiostat, or electrometer, provides 
a circuit between the three electrodes and allows for the application of a voltage potential to the recording 
electrode via the auxiliary electrode, as well as the maintenance of a potential difference between the record-
ing and reference electrode [ 45 ]. When a positive voltage is applied to the working electrode of suffi cient 
amplitude it causes the oxidation of dopamine at its surface. ( d ) Anesthetized animal recordings should be 
performed in a standard Faraday cage. Place the stereotaxic apparatus inside the cage and place the elec-
trometer outside of the cage. The stereotaxic apparatus shown here allows for the use of 3–4 manipulator 
arms simultaneously. At minimum, one carrier is needed to hold the stearate-modifi ed graphite paste record-
ing electrode and a second carrier is needed to hold the combined reference and auxiliary electrode. Additional 
carrier arms then allow for mounting stimulating electrodes (i.e., for PPT/LDT electrical stimulation) or injection 
cannulae (for intracranial microinjection of drugs or pharmacological agents). ( e ) Stearate-modifi ed carbon 
paste electrode constructed from a Tefl on-coated stainless steel wire. Extruding the Tefl on coating ~1 mm 
beyond the tip of the stainless-steel wire creates a well that is fi lled with stearate-modifi ed graphite paste. 
( f ) Diagram showing a combined reference/auxiliary electrode       

(one of several available electrochemical techniques) in combination 
with stearate-modifi ed graphite paste electrodes to measure dopa-
mine in vivo. Three electrodes are needed: the working electrode is 
implanted into the brain area of interest (see section 2.2.2) and a 
combined reference and auxiliary electrode is placed into contact 
with the cortex (see section 2.2.3). A potentiostat, or electrometer, 
provides a circuit between the three electrodes and allows for the 
application of a voltage to the recording electrode via the auxiliary 
electrode, as well as the maintenance of a potential difference 
between the recording and reference electrodes (Fig.  1c ; [ 45 ]). 
When a positive voltage of suffi cient amplitude is applied to the 
working electrode it causes the oxidation of electroactive com-
pounds (e.g., dopamine) at its surface. Oxidation results in the 
transfer of  electrons producing a measurable current (Fig.  1b  bot-
tom). The current fl ow, termed the faradaic current, is proportional 
to the concentration of the neurochemical of interest [ 45 ,  46 ]. In 
chronoamperometry the applied potential is near-instantaneously 
stepped from a resting value of −0.15 V to 0.25 V for 1 s, every 
30–60 s. The faradaic (i.e., oxidation) current is measured and inte-
grated over the fi nal 50 ms of the 1000 ms pulse (Fig.  1b ; [ 45 ]). 

         1.    Stereotaxic frame (Model 1504 with Model 1211 base plate; 
this stereotaxic frame allows for the use of 3–4 manipulator 
arms simultaneously), mouse or rat nose bar and rat ear bars 
(model 855) produced by David Kopf Instruments (Fig.  1d ).   

   2.    Stereotaxic drill (Model 1471 with Model 1469 stereotaxic 
holder) produced by David Kopf Instruments and trephine 
drill bits (Harvard Apparatus).   

   3.    Stereotaxic cannula holder (Model 1776-P1) produced by 
David Kopf Instruments.   

2.1  Materials

2.1.1  Stereotaxic 
Equipment

Muscarinic Receptor Gene Transfections and In Vivo Dopamine Electrochemistry…
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   4.    Various surgical instruments: scalpel, forceps, small animal 
clippers etc. (Fine Science Tools).   

   5.    Hamilton syringes (Model 7002KH), injector tubing, guide 
cannulae (26 gauge), injector cannulae (33 gauge; Plastics 
One Inc.) and a micro-infusion pump (Harvard Apparatus).   

   6.    Various surgical supplies: gauze, cotton tip applicators, beta-
dine, latex gloves, etc.   

   7.    Urethane for anesthesia (Sigma-Aldrich).   
   8.    Temperature-regulated heating pad (e.g., TC-1000; CWE 

Inc., New York, NY).      

       1.    Glass mortar and pestle, a 25 ml beaker, a 250 ml beaker, 
appropriately sized magnetic stir bar, a glass capillary heat-
sealed on one end, and a stirring hotplate.   

   2.    Stearate (99.9 % purity), silicone oil, and graphite powder 
(particle size < 10 μm; all available from Sigma-Aldrich), 0.9 % 
saline solution.   

   3.    Tefl on-coated stainless-steel wire (0.008″ o.d.; Medwire, Mount 
Vernon, NY), silver wire (0.008″ o.d.; A&M Systems Sequim 
WA), stainless steel wire (0.008″ o.d.; A&M Systems Sequim WA).   

   4.    #5 forceps, a glass plate, masking tape, #10 scalpel blade, 
Tefl on tape, a compound microscope that will allow for view-
ing of the electrode tip, a 9 V battery, black wax, a needle tip, 
standard 1 ml pipette tip, epoxy.      

       1.    0.01 M phosphate-buffered saline solution, dopamine hydro-
chloride, perchloric acid (Sigma-Aldrich), and double distilled 
water.      

       1.    Bipolar concentric stimulating electrode (e.g., SNE-100, 
Rhodes Medical Co., Woodland Hills, CA or CBARD75, 
FHC, Bowdoin, ME).   

   2.    Programmable pulse generator (e.g., Master 9, AMPI, Jerusalem, 
Israel) connected to a stimulus isolator (e.g., ISO-Flex, AMPI, 
Jerusalem, Israel) to apply stimulation current pulses.   

   3.    Electrometer (e.g., EChempro, GMA Technologies, Vancouver, 
Canada).       

     Graphite paste electrodes are treated to enhance selectivity for 
dopamine by incorporating a fatty acid (stearic acid) into the graph-
ite paste [ 46 ,  47 ]. The fatty acid provides an anionic recording 
 surface that slows down the electron transfer kinetics of anions (i.e., 
ascorbic acid and dopamine metabolites, such as DOPAC [ 45 ]).

    1.    Using the 25 ml glass beaker and stir bar dissolve 75 mg of 
stearate in 1 ml silicone oil heated to 40 ºC (Note 1).   

2.1.2  Equipment 
for Construction 
of Stearate- Modifi ed 
Graphite Paste Recording 
Electrodes and Reference/
Auxiliary Electrodes

2.1.3  Materials 
for In Vitro Calibration 
of Graphite-Paste 
Electrodes

2.1.4  Materials 
for In Vivo Electrochemical 
Recordings in Anesthetized 
Rats or Mice

2.2  Methods

2.2.1  Preparation 
of Stearate- Modifi ed 
Graphite Paste

Stephan Steidl et al.
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   2.    Once the stearate crystals are fully dissolved remove from heat 
and transfer contents of beaker into glass mortar. Add 1 g of 
graphite powder and thoroughly mix using the glass pestle. 
The consistency of the mixture will start off paste-like and with 
additional mixing will become powdery.   

   3.    Transfer stearate-modifi ed graphite paste to a light-proof glass 
vial for storage.    

         1.    Cut a length of Tefl on-coated stainless-steel wire from the 
spool using wire cutters. Trim the length of wire to ~10 cm 
using a #10 scalpel blade. Straighten the cut length of wire 
carefully.   

   2.    Strip ~1 cm of Tefl on coating form one end of the wire. This 
will provide the top end of the implantable electrode where the 
electrometer can be connected.   

   3.    Use a pair of #5 forceps to grip exposed 1 cm length of 
stainless- steel wire. Holding the electrode by the forceps, gen-
tly pass the coated portion between thumb and forefi nger to 
loosen the Tefl on coating. Be careful not to pull the Tefl on 
coating off the stainless-steel wire.   

   4.    Extrude the Tefl on coating 2–3 mm past the tip of the stainless- 
steel wire on the opposite end.   

   5.    While holding the uncoated portion of the wire between the 
thumb and forefi nger of one hand, lay the wire fl at on the glass 
plate, maintaining a loose grip on the wire. Use a thin-edged 
razor blade to cut the well’s surface. Hold the blade perpen-
dicular to the wire approximately 5 mm behind the end of the 
stainless-steel wire on the end where you previously extruded 
the Tefl on coating. Gently lower the blade onto the wire and 
let blade rotate the wire across the glass surface for one full 
rotation. Remove the excess Tefl on using forceps.   

   6.    Hold the stainless-steel wire at the electrode contact end in 
one hand. Then with the thumb and forefi nger of the other 
hand around the center of the electrode gently push the 
remaining Tefl on coating so that the edge of the well extrudes 
~1 mm beyond the tip of the wire (Fig.  1e ). Examine the well 
surface under a microscope. The well should have a clean and 
unblemished concentric Tefl on surface. And uneven cut will 
create Tefl on spirals visible under the microscope. If this occurs 
cut another well as described above.   

   7.    Grip and hold the wire fi rmly using #5 forceps at a distance 
from the well surface that is about 2–3 mm over the depth 
the electrode is to be implanted (~1 cm for a mouse). Loop the 
wire tightly around the tip of the forceps for two complete 
revolutions. Carefully slide out the tip of the forceps. Wrap a 
small (3–4 mm wide × 2 cm long) strip of masking tape around 
the loop.   

2.2.2  Construction 
of Stearate- Modifi ed 
Graphite Paste Recording 
Electrodes

Muscarinic Receptor Gene Transfections and In Vivo Dopamine Electrochemistry…
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   8.    Place a small quantity of the stearate-modifi ed graphite paste 
mixture onto the clean surface of a glass plate. If needed clean 
the glass surface with ethanol. Holding the electrode around 
the contact end between thumb and forefi nger gently push the 
well into the graphite paste mixture to fi ll the well. Avoid large 
particles of graphite powder and do not apply pressure as this 
will crush the fragile well.   

   9.    Clean the excess paste from the well’s side and surface by gen-
tly rubbing the tip across a suspended piece of Tefl on tape.   

   10.    Then, hold the electrode perpendicular to the glass surface 
(well facing down) and drop the electrode onto the glass 
 surface to tightly pack the graphite paste into the Tefl on well 
(Fig.  1e ).   

   11.    Examine the electrode’s surface under a microscope. The 
graphite surface should appear shiny and smooth and the walls 
of the well’s surface should be free of graphite. If cracks or 
grooves are observed additional packing and/or additional 
graphite paste may be required (Note 2).      

       1.    Use gloves to handle silver wire. Wrap a length of silver wire 
(~10 cm) around the shaft of a stereotaxic drill bit to achieve 
about 10–15 closely spaced, but not touching, loops.   

   2.    Place the coil in the 250 ml beaker fi lled with 0.9 % saline 
ensuring the entire coil is submerged. Attach the coil to the 
anode (+) of the 9 V battery. Attach a second short length of 
bare silver wire to the cathode (−) of the battery. The process 
of silver chloriding the wire will darken the surface of the coil. 
Set aside the coil in saline until ready for use.   

   3.    Obtain a standard 1 ml pipette tip. Use a heated 18 g needle 
tip to burn a hole into the side of the pipette tip ~1 cm from 
the top rim. Next, melt a circular groove around the circum-
ference of the pipette tip at the level of the hole. Melt a second 
circular groove just above where the pipette tip tapers.   

   4.    Insert the silver/silver chloride coil into the pipet and feed the 
excess wire on one end through the hole. Cover the hole with 
black wax to secure the position of the coil.   

   5.    Obtain a 30 cm piece of stainless-steel wire and tightly wrap it 
around the exposed piece of Ag/AgCl wire. Then wrap this 
wire around the pipette (starting in the groove) and a closely 
placed dowel to form a loop. This will provide a contact for the 
electrometer to connect to the Ag/AgCl reference electrode.   

   6.    Obtain a second 30 cm piece of stainless-steel wire. Coil this 
wire around the groove created just above the tapered end of 
the pipette tip leaving plenty of access on one end. Start loop-
ing the wire downward to the tip creating a coil on the way 
down. Wind the wire around the groove at the tip several times 

2.2.3  Construction 
of Reference/Auxiliary 
Electrode (Fig.  1f )
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and begin looping upward again to the middle groove. Wrap 
around the middle groove several times and twist remainder 
around the other end of the wire left in place previously. Then 
wrap this wire around the pipette and a closely placed dowel to 
form a loop. This will provide a contact for the electrometer to 
connect to the auxiliary electrode. Cover the middle groove 
and wire with epoxy to ensure the position of the auxiliary 
electrode is secure.   

   7.    Fill interior of pipette with 0.9 % saline while epoxy is drying. 
Insert an appropriately sized rubber stopper in the top end of 
the pipette tip (Fig.  1f ). Set aside until ready to use (Note 3).      

       1.    Place a glass container containing 15 ml of a 0.01 M phosphate- 
buffered saline solution on a battery-operated magnetic stirrer.   

   2.    Submerge the graphite paste electrode and the combination 
reference/auxiliary in the solution.   

   3.    Use the electrometer to obtain a linear sweep voltammogram 
by ramping the potential applied to the working electrode 
from −0.15 V to 0.5 V vs. the Ag/AgCl electrode at a rate of 
10 mV/s.   

   4.    Add discrete quantities of a 2 mM solution of dopamine 
(37.9 g of dopamine hydrochloride dissolved in 90 ml double 
distilled water and 10 ml of 0.1 M perchloric acid) to achieve 
a 1 μM concentration of dopamine in the phosphate-buffered 
saline solution. Stir the solution gently for a period of 5 s 
(Note 4).   

   5.    Obtain another linear sweep voltammogram. Repeat the 
 process for between 3 and 5 additions of 1 μM dopamine to 
confi rm, fi rst, that peak current was always obtained at the 
same potential and, second, that the relative increases in peak 
current were consistent across consecutive 1 μM additions of 
dopamine.      

       1.    Anesthetized animal recordings should be performed in a stan-
dard Faraday cage. Place the stereotaxic apparatus inside the 
cage. Place the electrometer outside of the cage.   

   2.    Anesthetize mice or rats with urethane (1.5 g/kg, i.p.; initial 
dose supplemented with 0.3 g/kg 30 min later).   

   3.    Secure mouse or rat in a stereotaxic frame. Maintain body 
 temperature at 37 ± 0.5 °C with a temperature-regulated 
 heating pad.   

   4.    Drill a hole into the skull above the brain area of interest (e.g., 
NAc or dorsolateral striatum) large enough to accommodate 
the graphite paste recording electrode. Drill a second larger 
hole to accommodate the tip of the combined reference/ 
auxiliary electrode. This hole should be placed so that the 

2.2.4  In Vitro Testing 
of Graphite Paste 
Electrodes

2.2.5  In Vivo 
Electrochemical 
Recordings in Anesthetized 
Rats or Mice
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combined reference/auxiliary electrode is in contact with the 
opposite brain hemisphere at a distance that does not interfere 
with placement of the recording electrode.   

   5.    Mount the combined reference/auxiliary electrode on a stereo-
taxic carrier and connect the electrometer. Ensure the reference/
auxiliary electrode is completely fi lled with 0.9 % saline (air bub-
bles commonly occur at the tip). Place a drop of saline on to the 
hole and place the reference/auxiliary electrode into contact 
with the cortical surface.   

   6.    Attach the graphite paste recording electrode to another 
 stereotaxic carrier and lower into the brain area of interest 
(e.g., NAc) according to coordinates obtained from a stereo-
taxic brain atlas. Ensure that the tip of the electrode does not 
come into contact with blood.   

   7.    Attach the electrometer to the recording electrode (Fig.  1d ).   
   8.    Perform repetitive chronoamperometric measurements of oxi-

dation current by applying potential pulses from −0.15 to 0.30 V 
to the recording electrode (vs. reference electrode) for 1 s 
duration at 30 or 60 s intervals.      

       1.    Obtain muscarinic receptor knockout mouse and wild-type 
controls (available from Taconic Bioscience, Inc.).   

   2.    Secure anesthetized mouse in stereotaxic frame as described 
above.   

   3.    Drill an additional hole into the skull above the LDT or PPT 
and lower a bipolar concentric stimulating electrode into either 
LDT or PPT. Use a programmable pulse generator connected 
to a stimulus isolator to apply current pulses with the following 
parameters: 1 s, 35 Hz train of 400 μA pulses (1 s intertrain 
interval) applied over a 60 s period (1050 pulses in total). These 
parameters are designed to mimic spontaneous fi ring patterns 
of PPT neurons in awake, naturally aroused animals [ 25 ].   

   4.    Comparisons of electrically evoked nucleus accumbens or dor-
sal striatum dopamine effl ux between wild-type and knockout 
mice will reveal the contribution of muscarinic receptors to 
each of the three phases of dopamine effl ux [ 41 ].      

       1.    Secure anesthetized mouse or rat in stereotaxic frame as 
described above.   

   2.    Drill an additional hole above the VTA (when studying LDT 
electrically evoked nucleus accumbens dopamine effl ux) or the 
SNc (when studying PPT electrically evoked dorsal striatal dopa-
mine effl ux) to allow for insertion of a guide cannula. The guide 
cannula can be held by a stereotaxic carrier or can be chronically 
implanted by securing it to the skull surface using a combination 
of stainless-steel jeweler’s screws and dental cement.   

2.2.6  Using Muscarinic 
Knockout Mice to Study 
the Role of Muscarinic 
Receptor Signaling 
in Mesopontine 
Excitation of Mesolimbic 
or Nigrostriatal 
Dopamine Signaling

2.2.7  Using In Vivo 
Pharmacology to Study 
the Role of Midbrain 
Muscarinic Receptor 
Signaling in Mesopontine 
Excitation of Mesolimbic 
or Nigrostriatal Dopamine 
Signaling
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   3.    Apply electrical stimulation to the LDT or PPT and observe 
the triphasic response pattern [ 38 ,  40 – 42 ].   

   4.    Infuse a muscarinic receptor antagonist, or vehicle, into the 
VTA or SNc (Note 5) and repeat electrical stimulation.   

   5.    Compare the predrug, vehicle-treated, and antagonist-treated 
response patterns to determine the contributions of muscarinic 
receptors.       

       1.    Be careful not to overheat the silicone oil. This is easily accom-
plished by removing the beaker from the heat source the moment 
the last few crystals of stearate are observed to dissolve into the 
silicon oil.   

   2.    The microscope should allow for viewing the tip of the graph-
ite paste electrode. Wells have to be recut or repacked if 
necessary.   

   3.    The saline solution that fi lls the pipette tip should be replaced 
regularly. When not in use the tip of the reference/auxiliary 
electrode should be submerged in saline solution.   

   4.    Prepare fresh dopamine solution for in vitro calibration.       

3    Opioid Rewards and Mesopontine/M 5  Activation of Dopamine Neurons 

 M 5 -KO mice show defi cits in responding to morphine, either in 
conditioned place preference or in morphine-induced locomotion 
tasks, but not stimulant- or saline-induced locomotion tasks [ 48 – 51 ]. 
Similarly, PPT or LDT lesions signifi cantly reduce morphine- 
induced dopamine release [ 52 ,  53 ]. Finally, M 5 -KO mice lose their 
dopamine response to morphine entirely [ 42 ]. This suggests that 
morphine acts indirectly through the PPT/LDT to M 5  pathway to 
activate dopamine neurons, and for dopamine-dependent behav-
ioral effects of morphine. 

 These effects of morphine depend on μ-opioid receptors in the 
ventral tegmental region that inhibit GABA neurons. The most 
critical GABA neurons for opioid rewards and for  morphine- induced 
locomotion are located just caudal to VTA in the rostromedial teg-
mental nucleus (RMTg; [ 22 ,  54 ]). RMTg GABA neurons express 
together μ-opioid, nociceptin, GABA A  and M 4  muscarinic recep-
tors, all of which are normally inhibitory. We have proposed that 
together these receptors inhibit GABA neurons and thereby dis-
inhibit cholinergic and dopaminergic output neurons needed for 
opioid reward and dopamine effects [ 55 ]. 

 To excite VTA and RMTg neurons, we infused HSV-M 5 -GFP 
bilaterally into M 5 -KO and wild-type mice (Fig.  2 ) (See protocol 
below).    Viral infections work best when infecting cells, not axons, 
due to the larger surface area of dendrites and somata which clearly 

2.3  Notes
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express GFP after viral transfections (Fig.  2a–c ). This HSV-M 5  
method relies on expression of extra M 5  receptors, so that 
 endogenous activation of cholinergic neurons and endogenous 
ACh release is needed to activate the M 5  receptors.

   Although these two sites are less than 1 mm apart, VTA infec-
tions strongly facilitated morphine-induced locomotion, while 
RMTg infections blocked morphine-induced locomotion (Fig.  3 ). 
Both VTA and RMTg sites receive direct projections from many 
LDT and caudal PPT cholinergic neurons [ 55 ]. Therefore, the 
same populations of PPT and LDT neurons that excite VTA and 
SNc neurons via M 5  muscarinic receptors can simultaneously 
inhibit RMTg GABA neurons via inhibitory muscarinic M 4  recep-
tors. This suggests that morphine-mediated inhibitory inputs 

  Fig. 2    ( a–c ) HSV-M 5 -GFP Transfected Neurons and M 5  Expression. The HSV-M 5 -GFP vector was infused into 
VTA sites in M 5 -KO mice. Expression of viral GFP can be seen in ( a ). Sections were double-labeled with M 5  
antibodies ( red :  b ) and DAPI. ( c ) Merged image displaying triple-labeled cells ( purple nucleus , with  yellow 
spots  in cytosol) of viral GFP, M 5 -expression, and DAPI (20× magnifi cation, bar represents 75 μm) All cells 
labeled with viral GFP were also M 5  positive ( white arrows  indicate triple-labeling). As the mouse was an M 5  
knockout, all observed M 5  expression was virally mediated. ( d ) Schematic of the M 5 R-p1005 Vector. Expression 
of M 5 R was driven by a constitutive IE4/5 promoter while GFP expression was driven by a CMV promoter. 
Replication-defi cient Herpes simplex virus ( HSV )-derived particles were made from this vector as previously 
described ([ 60 ]; Figure modifi ed from [ 22 ])       

 

Stephan Steidl et al.



273

to RMTg are facilitated by M 4  inhibition at the same time that 
cholinergic activation of dopamine neurons occurs. Then RMTg 
GABA connections to PPT and VTA release these neurons from 
inhibition to facilitate the arousing and rewarding outputs of cho-
linergic and dopaminergic systems. Therefore, the critical roles 
of RMTg inputs, and of caudal PPT, LDT and M 5  receptor out-
puts, to opioid reward and locomotion, appear to depend on close 
interconnections, supported by appropriate muscarinic receptor 
modulations.

   These muscarinic effects can be studied by local site-specifi c 
viral transfections of neurons, or by neuron-specifi c viral trans-
fections, using TH::Cre, ChAT::Cre or GAD2::Cre mouse lines. 
To identify which RMTg GABA neurons are critical for morphine- 
induced locomotion, we used AAV-M 3 D and AAV-M 4 D to activate 
or inhibit mCherry-labeled GABA RMTg neurons in GAD2::Cre 
mice. This method for activating genetically modifi ed muscarinic 
receptors (i.e., M 3 D for excitation like M 5 , and M 4 D for inhibition 
like M 4 ) relies on exogenously administered clozapine-N-oxide 
(CNO) [ 56 ]. AAV induces long-term infections of identifi ed neu-
rons, while systemic CNO control of these neurons occurs via 
muscarinic receptors with mutant binding sites. For future gene 
therapy applications, this is a powerful method for remote control 
of  specifi cally targeted brain neurons (see protocol below).  

  Fig. 3    ( a ) Open-fi eld apparatus for locomotion. Mice were placed in the center of arenas while a video camera 
recorded their horizontal movements. A computerized tracking program, Noldus Ethovision, thereafter scored the 
video and calculated the distance traveled. ( b – c ) Total saline and morphine-induced locomotion following HSV 
transfections. ( b ) In VTA, HSV-M 5  infusions ( green ) signifi cantly increased distance traveled at both morphine 
doses over HSV-control vector ( blue ) over the 2 h period. No differences were observed for saline. ( c ) In RMTg, 
HSV-M 5  infusions ( red ) signifi cantly reduced total locomotion over HSV-control vector ( orange ) only at 30 mg/kg. 
(M 5 -VTA,  n  = 7; M 5 -RMTg,  n  = 15; Control-VTA,  n  = 6, Control-RMTg,  n  = 7.) (fi gure modifi ed from [ 55 ])       
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4    Local Gene Control with HSV-M 5 -GFP Viral Transfections Including 
Cell- Specifi c Control with AAV-M 3 D, AAV-M 4 D 

         1.    Stereotaxic frame, mouse nose bar (Model 926) and rat ear 
bars (model 855) produced by David Kopf Instruments.   

   2.    Stereotaxic drill and drill bits.   
   3.    Stereotaxic cannula holder (Model 1776-P1) produced by 

David Kopf Instruments.   
   4.    Various surgical instruments: scalpel, forceps, etc. (Fine Science 

Tools).   
   5.    10 μl Hamilton microsyringes (Model 7002KH) connected 

with Tygon tubing (0.02 mm i.d.) to injector cannula (33 
gauge) produced my Plastics One Inc.   

   6.    Small animal clippers.   
   7.    Various surgical supplies: gauze, cotton tip applicators, beta-

dine surgical scrub, nitrile gloves, etc.   
   8.    Isofl urane for anesthesia (Sigma-Aldrich).   
   9.    Temperature-regulated heating pad (e.g., TC-1000; CWE 

Inc., New York, NY).   
   10.    Syringe pump.   
   11.    Mineral oil.      

       1.    Open-fi eld arena(s) (measuring 31 × 31 × 31 cm).   
   2.    Video camera suspended above open-fi eld arena(s).   
   3.    Video tracking software (e.g., Noldus Ethovision V7.0 

(Groningen, Netherlands)).      

       1.    M 5 -KO mice and wild-type controls (CD1/129).   
   2.    M 5 -HSV-GFP and M 5 -control-GFP (see Note 5 for details on 

HSV vectors).   
   3.    Morphine sulfate pentahydrate (Sigma, St. Louis, MO) (Note 6).      

       1.    GAD2::Cre mice (Jackson Laboratory, Gad2 tm2(cre)Zjh /J, 010802).   
   2.    AAV-FLEX-M 3 D-mCherry or AAV-FLEX-M 4 D-mCherry (see 

Note 7 for details on AAV vectors and DREADDs).   
   3.    Morphine sulfate pentahydrate (Sigma, St. Louis, MO) 

(Note 8).   
   4.    Dimethyl sulfoxide (DMSO).   
   5.    Clozapine-N-oxide (CNO) (Note 9).       

4.1  Materials

4.1.1  Stereotaxic 
Equipment

4.1.2  Equipment Needed 
for Behavioral Testing 
of Open-Field Locomotion

4.1.3  Materials 
for HSV-M 5  Transfections 
in M 5 -KO or WT Mice

4.1.4  Materials 
for AAV-M3D or M4D 
Transfections 
in GAD2::Cre Mice
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        1.    Fill Hamilton syringe/Tygon tubing/injector cannula assembly 
with mineral oil (or water) (Note 10). Place fi lled Hamilton 
syringe into syringe-pump and eject 4–10 μl. Wipe tip of injec-
tor, and withdraw 0.5–1.0 μl to create an air bubble. Place 
injecNor cannula into virus solution, and slowly load vector 
(rate of 0.1–3.0 μl/min). To conserve virus, consider loading 
enough viral vector to perform several surgeries (Note 11).   

   2.    Anesthetize mice based on an approved Institutional Animal 
Care and Use Committee (IACUC) protocol. Anesthesia should 
be induced at 3 % isofl urane and maintained at 1.5 % isofl urane 
delivered via a vaporizer at 0.7 l/min O 2 .   

   3.    Secure mouse in a stereotaxic frame. Maintain body tempera-
ture at 37 ± 0.5 °C with a temperature-regulated heating pad.   

   4.    Drill burr holes into the skull above the brain area of interest 
large enough to accommodate an injector cannula. Slowly 
lower injectors into burr holes to desired D/V coordinates 
into site of interest.   

   5.    Begin injecting virus slowly (0.1–3.0 μl/min) until the desired 
volume of the virus has been dispensed 0.1–1.0 μl of virus. 
Note: volume and rate of injection can depend on specifi c type 
of virus, titer, desired spread, and limitations of syringe pump.   

   6.    Allow for the injector cannula to remain in place for an addi-
tional 5–10 min to ensure vector diffusion.   

   7.    Following diffusion period, slowly raise the cannula out of the 
skull.   

   8.    Depending on experimental design, repeat steps 5–7 for alter-
nate hemisphere or additional sites.   

   9.    Once all viral injections are complete, retract the cannula, 
suture the wound, and apply standard post-operative care.   

   10.    Depending on biosafety protocol, segregate cages from colony 
under HEPA-fi ltered cage tops for 48 h.      

   Open-fi eld locomotion is a reliable measure of drug effect in 
rodents. Drug-induced hyperactivity is easy to quantify and has 
been shown, in rodents, in response to several different drugs 
of abuse. This drug-elicited, goal-directed behavior is an adaptive 
survival mechanism to encourage exploration, and risk taking. 
Increases in drug-induced locomotion often refl ect activation of 
the mesolimbic DA system. Thus, running can be taken as a behav-
ioral index refl ective of the functioning and integrity of the DA 
system [ 57 ]. 

 While there are several other methods to measure open-fi eld 
locomotion (automated photocell cages, scored by observation), 
here we will be discussing video-recorded trials and offl ine-scoring 
using Noldus Ethovision tracking software (Fig.  3a ) [ 22 ,  50 ].

4.2  Methods

4.2.1  Viral Transfections 
in Mice

4.2.2  Behavioral Testing: 
Open-Field Locomotion
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    1.    Behavioral experiments should always be carried out at the 
same time of the day taking into account that the animals show 
minimal motor activity around noon under a light regime with 
lights on from 6 a.m. to 6 p.m.   

   2.    To ensure best results, perform open-fi eld testing in a room 
with dim red lighting and with a 70 dB white-noise generator.   

   3.    Assign mice to specifi c open-fi elds such that they are consis-
tently tested in the same environment.   

   4.    Before commencing tests, habituate mice to the open-fi eld 
arenas. Place each mouse in the center of its open-fi eld and 
allow it to freely explore the environment. It is recommended 
to habituate mice at least once before testing.   

   5.    Begin test days with a brief habituation period (30–60 min). 
Place each mouse in the center of its open-fi eld and video- 
record their behavior.   

   6.    Briefl y remove mice from open-fi elds and return them to indi-
vidual cages. Using dry paper towel, lightly wipe down each 
open-fi eld and remove any feces and urine. Do not use ethanol 
or any other cleaner as the odors may infl uence behavior.   

   7.    Administer injections to each mouse, before returning them to 
the center of their open-fi eld. Begin recording video for the 
duration of your test phase.   

   8.    If mice are performing additional tests on that day, repeat steps 
6–7. When mice have completed testing, return them to their 
home cages and housing room.   

   9.    Analyze videos using software (e.g., Noldus Ethovision) and 
calculate the measures of interest (horizontal distance traveled, 
rotations, etc.).    

     A Herpes simplex viral vector (HSV) was used to transfect M 5  
DNA [ 58 ] in a small fi eld, to precisely defi ne neurons causing the 
behavioral changes [ 59 ,  60 ] (Fig.  2d ). Due to the time course of 
the HSV transfections, an accelerated testing period was required 
as maximal gene expression for HSV vectors occurs 24–72 h fol-
lowing infusion [ 59 ,  61 ]. M 5 -KO and WT mice were run in groups 
of 4–6 mice over a period of 5 days [ 22 ]. On day 1, surgery was 
performed and either the HSV-M 5 -GFP or HSV-control-GFP vec-
tor was bilaterally infused (at a volume of 0.5 μl per hemisphere at 
2.5 μl/min) into the VTA or RMTg (relative to bregma: VTA—
AP: −3.40, ML: ±0.50, DV: −4.40; RMTg—AP: −3.90, ML: ±0.40, 
DV: −3.88 [ 62 ]. On day 2, mice received standard post- surgical 
treatment and were allowed the day to recover. 

 Behavioral testing occurred on days 3 and 4, and each day 
began with a 60-min habituation period. On day 3, following 
habituation, each mouse was briefl y removed from its test box, 
received a saline injection and was immediately placed back in the 

4.2.3  HSV-M 5  
Transfections
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center of its box. Video recording occurred over the next 2 h to 
track saline-induced locomotion. After the 2 h trial, mice were 
again briefl y removed from their boxes, injected with 10 mg/kg 
morphine i.p., and were returned to the center of their respective 
boxes. Again, video acquisition occurred for 2 h. Following the 
morphine trial, mice were returned to their home cages and 
returned to the housing room. On day 4, following habituation, 
mice were injected with 30 mg/kg i.p. morphine. Again, locomo-
tion was recorded for a 2 h period after which, the mice were 
returned to their home cages in the housing room. In order to 
minimize order effects over the 2 consecutive test days, all mice 
received increasing morphine doses (0, 10, 30 mg/kg) with each 
subsequent test. Video recordings were scored using Noldus 
Ethovision V7.0 (Groningen, Netherlands), which calculated the 
distance traveled (in m) for each 15-min period.  

   To study the locomotor effects of muscarinic signaling on RMTg 
GABA neurons, we transfected GAD2::Cre mice with genes encod-
ing the mutant muscarinic receptors M 3 D or M 4 D specifi cally 
into RMTg GABA neurons [ 56 ,  63 ] using Cre-responsive adeno- 
associated viral vectors (AAV) [ 55 ]. 

 GAD2::Cre mice received bilateral microinjections of either 
AAV-M3D or AAV-M4D vectors (at a volume of 0.2 μl per hemi-
sphere at a rate of 0.1 μl/min) into the RMTg (relative to bregma: 
RMTg—AP: −3.90, ML: ±0.40, DV: −3.88) [ 62 ]. 

 Behavioral testing began 4–5 weeks after AAV infusions and 
occurred on alternate days for a total of 6 sessions. Testing sessions 
began with each mouse placed in the center of its test box for 1-h 
habituation, then briefl y removed for an i.p. injection and returned 
to its box for a 3-h test. Test sessions 1 and 4, however, served 
as no-injection control trials, where, following habituation, each 
mouse was removed from its box, briefl y handled, and then 
returned for a 3-h test without any injection. On test days 2 and 3, 
mice received either saline/vehicle alone, or CNO (counterbal-
anced). On test days 5 and 6, mice received either morphine alone, 
or morphine with CNO (counterbalanced). Following each testing 
session, mice were returned to their home cages, then to the hous-
ing room. All test sessions were video-recorded using overhead 
digital cameras. Recordings were analyzed using Noldus Ethovision 
V7.0 (Groningen, Netherlands) to calculate total horizontal dis-
tance traveled for each 30-min period.   

       5.    A cDNA containing the full-length reading frame of mouse 
M 5  receptor DNA (M 5 R) was subcloned into the bi-cistronic 
amplicon vector p1005 (Fig.  2d ). The resulting vector, HSV-
M 5 - GFP, contained mM 5 R after the HSV-derived IE4/5 pro-
moter along with the cDNA for green fl uorescent protein 
(GFP) after a CMV promoter. Replication-defi cient Herpes 

4.2.4  AAV-M 3 D or M 4 D 
Transfections of RMTg 
in GAD2::Cre Mice

4.3  Notes
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simplex virus- derived particles were made from this vector 
as previously described [ 60 ]. A control virus (p1005), HSV-
control-GFP was also constructed; this was identical to the 
HSV-M 5  with the M 5 R gene excluded. Both viruses (M 5 R-
p1005 and p1005) had titers >1 × 10 8  infectious units/ml.   

   6.    Morphine sulfate pentahydrate dissolved in sterile saline and 
injected i.p. at a volume of 10 ml/kg body weight and concen-
trations of 10 mg/kg and 30 mg/kg calculated according to 
free base weight.   

   7.    To selectively excite or inhibit RMTg GABA neurons in mice, 
we used two mutant muscarinic receptors, M 3 D and M 4 D, also 
known as DREADDS: Designer Receptors Exclusively Acti-
vated by Designer Drugs [ 56 ]. We employed a Cre recombinase- 
dependent, AAV expression system called the AAV-FLEX 
approach. The AAV-FLEX vector carries a reversed and dou-
ble-fl oxed effector gene to enable specifi c expression in trans-
genic mice expressing Cre recombinase under the control of 
the GAD2 promoter. The coding sequences of the M 3 D 
or M 4 D DREADDs were linked to the fl uorescent protein, 
mCherry, and packaged into a Cre recombinase- dependent 
AAV vector to allow expression of either M 3 D or M 4 D and 
mCherry fusion proteins. In the absence of Cre recombinase, 
transgenes (M 3 D-mCherry or M 4 D-mCherry) are inverted 
with respect to the promoter between two pairs of heterotypic, 
antiparallel loxP sites, and thus transgene expression is off. 
When introduced to Cre-expressing cells, however, the trans-
gene orientation is inverted by Cre-mediated excision, leading 
to the activation of the trans-gene expression. These mutant 
receptors are designed to be activated by CNO which can be 
systemically administered. Further, these receptors have been 
evolved such that they do not respond to endogenous ACh 
[ 64 ]. These receptors are identical to M 3  and M 4  muscarinic 
receptors except they both have the same 2 point mutations in 
the ACh binding site [ 65 ].   

   8.    Morphine sulfate pentahydrate dissolved in sterile saline and 
injected i.p. at a volume of 10 ml/kg body weight and concen-
tration of 10 mg/kg calculated according to free base weight.   

   9.    CNO was dissolved in 0.5 % DMSO in sterile saline and injec-
ted i.p. at a volume of 10 ml/kg body weight for a fi nal con-
centration of 2 mg/kg. CNO was generously donated through 
the National Institute of Mental Health’s Chemical Synthesis 
and Drug Supply Program (Bethesda, MD).   

   10.    Both mineral oil and water can be used to fi ll the assembly. 
Mineral oil is preferred, however, due to its greater viscosity 
and increased accuracy.   
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   11.    Depending on length of surgery, and properties of the viral 
vector, injectors may be loaded with enough vector for multi-
ple sites and/or surgeries. If pursuing this option, ensure to 
load injector with excess vector. After infusing virus into fi rst 
animal, wipe injector with ethanol, dry injector, and withdraw 
an additional air bubble (1.0 μl). Before beginning the follow-
ing surgery, push out a volume greater than the withdrawn air 
bubble (e.g., 1.2 μl) to ensure that virus is correctly loaded at 
tip of injector.       

5    Conclusions 

 M 2  and M 4  receptors directly inhibit LDT and PPT cholinergic 
neurons mediating arousal. Chronoamperometry studies in M 5  
knockout mice show that activation of PPT/LDT cholinergic 
inputs to the midbrain results in sustained activation of dopamine 
neurons mainly via M 5  receptors. Behavioral studies in which M 5  
receptors are downregulated (i.e., oligonucleotides or gene knock-
out) or upregulated (i.e., HSV M 5  transfection) show that M 5  
receptors critically mediate sustained arousal and reward-seeking in 
response to brain-stimulation, food, and opioid rewards. These 
dopamine and cholinergic neuron populations are both inhibited 
by VTA and RMTg GABA neurons. RMTg GABA neurons express 
inhibitory M 4  and μ-opioid receptors that work together to dis- 
inhibit cholinergic and dopamine neurons in arousal states [ 55 ]. 
GFP-labeled transfections of these neurons with specifi c HSV- or 
AAV-muscarinic genes allows for studying the behavioral effects of 
inhibiting or activating these neurons using Cre lines and  clozapine 
nitric oxide.     
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