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Abstract—The cholinergic system plays important roles in

neurotransmission inboth theperipheral andcentral nervous

systems. The cholinergic neurotransmitter acetylcholine is

synthesized by choline acetyltransferase (ChAT) and its

action terminated by acetylcholinesterase (AChE) and butyr-

ylcholinesterase (BuChE). The predominance of AChE has

focused much attention on understanding the relationship

of this enzyme to ChAT-positive cholinergic neurons. How-

ever, there is ample evidence thatBuChEalsoplays an impor-

tant role in cholinergic regulation. To elucidate the

relationship of BuChE to neural elements that are producing

acetylcholine, the distribution of this enzyme was compared

to that of ChAT in the mouse CNS. Brain tissues from

129S1/SvImJ mice were stained for BuChE and ChAT using

histochemical, immunohistochemical and immunofluorescent

techniques. Both BuChE and ChAT were found in neural

elements throughout theCNS.BuChEstainingwith histochem-

istry and immunohistochemistry produced the same distribu-

tion of labeling throughout the brain and spinal cord.

Immunofluorescent double labeling demonstrated that many

nuclei in themedulla oblongata, aswell as regions of the spinal

cord, had neurons that contained both BuChE and ChAT.

BuChE-positive neurons without ChAT were found in close

proximitywithChAT-positive neuropil in areas suchas the thal-

amus and amygdala. BuChE-positive neuropil was also found

closely associated with ChAT-positive neurons, particularly

in tegmental nuclei of the pons. These observations

provide further neuroanatomical evidenceof a role forBuChE

in the regulation of acetylcholine levels in the CNS.
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band of Broca; V, visual cortex; ZI, zona incerta.
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INTRODUCTION

Cholinergic neurotransmission in the mammalian CNS is

regulated predominantly by the enzyme

acetylcholinesterase (AChE, EC 3.1.1.7) by catalyzing

the hydrolysis of the cholinergic neurotransmitter

acetylcholine (Silver, 1974). Improved histochemical

techniques (Koelle and Friedenwald, 1949) for detecting

this enzyme led to the first map of the distribution of

AChE in the rodent brain (Shute and Lewis, 1963).

Subsequently, antibodies were developed to detect

choline acetyltransferase (ChAT, EC 2.3.1.6), the

enzyme that catalyzes the synthesis of acetylcholine

(Eng et al., 1974). This permitted elucidating the

organization of cholinergic neurons (Kimura et al., 1980;

Armstrong et al., 1983). Combined AChE histochemical

and ChAT immunohistochemical staining studies

demonstrated that most ChAT-positive neurons were

also AChE-positive. (Eckenstein and Sofroniew, 1983;

Levey et al., 1983, 1984).

In addition to AChE, the enzyme butyrylcholinesterase

(BuChE, EC 3.1.1.8) is important in the regulation of the

cholinergic system (Darvesh et al., 1998, 2003;

Mesulam et al., 2002b; Giacobini, 2003; Duysen et al.,

2007). Like AChE, BuChE is able to efficiently catalyze

the hydrolysis of acetylcholine (Silver, 1974). BuChE is

expressed in distinct populations of neurons, some of

which also contain AChE (Friede, 1967; Tago et al.,

1992; Darvesh et al., 1998; Darvesh and Hopkins, 2003;

Geula and Nagykery, 2007). The importance of BuChE

in cholinergic neurotransmission is further supported by

the observation that AChE-knockout mice survive to

adulthood. This indicates BuChE is able to compensate

for the lack of AChE, allowing the continued regulation

of cholinergic neurotransmission (Li et al., 2000; Xie

et al., 2000; Mesulam et al., 2002a).

To date, study of the colocalization of BuChE and

ChAT in the mammalian CNS has been limited to the

spinal cord in the rat (Mis, 2005). Because of the earlier

indications of BuChE co-regulation of cholinergic

neurotransmission (Xie et al., 2000; Mesulam et al.,

2002a,b), the present work was undertaken to examine

the organization of BuChE-expressing neural elements

as they relate to the ChAT-defined cholinergic system in

the mouse CNS.

This work has not been presented elsewhere except

in abstract form (Darvesh et al., 2012b).

EXPERIMENTAL PROCEDURES

Animals

Twenty male, wild-type (129S1/SvImJ) mice were purchased

from The Jackson Laboratory (USA). This mouse strain was

chosen because it has been utilized to examine components of

the cholinergic system in other studies (Li et al., 2000;

Mesulam et al., 2002a; Duysen et al., 2007). Animals were

cared for according to the guidelines set by the Canadian

Council on Animal Care. Formal approval to conduct the

experiments was obtained from the Dalhousie University

Committee on Laboratory Animals.

Materials

Unless otherwise stated, all reagents were purchased from

Sigma–Aldrich (St. Louis, MO).

Preparation of brain tissue

Mice (between 10 and 18 weeks old) were deeply anesthetized

with an intra-peritoneal injection of sodium pentobarbital

(200 mg/kg) and perfused with approximately 25 ml of 0.9%

saline solution containing 0.1% sodium nitrite followed by 50 ml

of 0.1 M phosphate buffer (PB, pH 7.4) containing 4%

paraformaldehyde. Brains were removed and post-fixed in PB

with 4% paraformaldehyde for 1–2 h, cryoprotected and stored

in PB with 30% sucrose and 0.05% sodium azide. Brains were

cut in 40-lm serial sections in a coronal plane on a Leica

SM2000R microtome with Physitemp freezing stage and BFS-

30TC controller. Sections were stained for BuChE or AChE by

histochemical (HC) technique, and for BuChE and ChAT using

immunohistochemical (IHC) methods. Double labeling for

BuChE and ChAT was performed using immunofluorescence

(IF).

Cholinesterase histochemistry

Cholinesterase histochemical staining was performed using a

modified (Darvesh et al., 2012a) Karnovsky–Roots method

(Karnovsky and Roots, 1964). Briefly, tissue sections were

rinsed in 0.1 M maleate buffer (pH 7.4) for 30 min and

incubated for 1 h 45 min in 0.1 M maleate buffer (pH 8.0)

containing 0.5 mM sodium citrate, 0.47 mM cupric sulfate,

0.05 mM potassium ferricyanide, 0.8 mM butyrylthiocholine

iodide and 0.01 mM BW 284 C 51 (to inhibit AChE). All

sections were then rinsed with gentle agitation for 30 min in

dH2O and placed in 0.1% cobalt chloride in water for 10 min.

After further rinsing in dH2O, sections were placed in PB

containing 1.39 mM 3,30-diaminobenzidine tetrahydrochloride

(DAB). After 5 min in the DAB solution, 50 ll of 0.15% H2O2 in

dH2O was added per ml of DAB solution, and the reaction was

carried out for approximately 3 min. Sections were then washed

in 0.01 M acetate buffer (pH 3.3), mounted on slides, cleared in

xylene and cover-slipped. Control experiments to demonstrate

specificity of BuChE staining were performed as described

previously (Darvesh et al., 1998) and indicated the staining

pattern observed was specific for BuChE activity.

The procedure for the visualization of AChE activity was

similar to that for BuChE except that the reaction solution was

24.99 mM sodium citrate, 14.72 mM cupric sulfate, 2.43 mM

potassium ferricyanide, 2.46 mM acetylthiocholine iodide and

0.13 mM ethopropazine (to inhibit BuChE), at room temperature

in 0.1 M maleate buffer (pH 6.0) for 15 min with gentle agitation.

Generation and characterization of polyclonal
antibodies to BuChE

Rabbit polyclonal antibodies to recombinant mouse BuChE

(rmoBuChE) were generated for this study. Production of

rmoBuChE (immunogen) was accomplished in human

embryonic kidney epithelial cells (293A cells) using an

adenovirus containing the gene for mouse BuChE (Ad-

moBuChE) (Parikh et al., 2011). The mouse BuChE

(moBuChE) gene contained a 6x histidine tag at its carboxyl

terminus suggesting that the rmoBuChE used was a fusion

protein. Large-scale expression of rmoBuChE was

accomplished by overnight culturing of 293A cells (10 � 106) in

150-cm2 tissue culture dishes and infecting them for 1 h with

10 ll of 4th cycle crude viral lysate (high titer CVL) of Ad-

moBuChE in 10 ml of infection medium (DMEM containing 2%

fetal bovine serum (FBS), antibiotics penicillin and streptomycin
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