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Activity-Dependent Expression and Distribution of M, Muscarinic
ACh Receptors in Visual Cortex Neuronal Cultures
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The fluorescently labeled muscarinic M, receptor-selective
antagonist BODIPY ® FL pirenzepine has been employed to
study the activity-dependent distribution and expression of
muscarinic M, ACh receptors (M,AChRs) in cultured neurons
derived from rat visual cortex. Displacement experiments
showed that like pirenzepine, binding of BODIPY ® FL piren-
zepine was specific to M, receptors and its K; was similar
to that of unlabeled pirenzepine. Using confocal laser scan-
ning microscopy, M, receptors were predominantly localized
to cell bodies early in development in the culture environ-
ment. After 2 weeks in culture, the receptors showed labeling
not only in cell bodies but also in neuritic processes, es-
pecially on the initial segments of the processes. Chronic
membrane depolarization with 40 mm potassium chloride
caused a dramatic increase in M, receptor expression on
these neurons. Conversely, blockade of neural activity with
0.1 um TTX decreased expression of the receptors. Receptor
expression increased after cells were treated chronically
with 50 nm pirenzepine, whereas it decreased after exposure
to 10 um carbachol. The results demonstrate for the first time
the exact location of muscarinic receptors in living cultured
neurons and also the activity-dependent expression of M,
receptors on these neurons. Both chronic membrane de-
polarization and antagonist application upregulate receptor
expression, whereas blocking bioelectrical activity or chron-
ic agonist application downregulates expression.
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Acetylcholine (ACh) is a major excitatory transmitter in the
mammalian CNS. In visual system, ACh has been found to be
associated with the nonspecific effects of arousal in the cortex
(Singer, 1979) and to modulate visual information processing
within this structure (Sillito and Kemp, 1983). In addition, cho-
linergic mechanisms may also play a role in the control of visual
plasticity (Bear and Singer, 1986; Gu and Singer, 1993).

The heterogeneous nature of the muscarinic ACh receptors
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(mAChRs) was discovered a decade ago (Birdsall et al., 1978),
and current evidence indicates that there are at least five different
muscarinic receptors (designated M,, M,, M;, M,, and M;)
(Hulme et al., 1990). The discovery of the selective M,AChR
antagonist pirenzepine (PZ) (Hammer et al., 1980), which has
a much higher affinity for M, AChRs than for the other mAChRs
subclasses, has made it possible to label directly and selectively
the M, subtype using *H-PZ as ligand (Watson et al., 1982).

Studies of M,AChRs have been focused on their location in
the CNS, their mechanism of action, their function, and their
primary structure. In previous studies from our laboratory, we
have studied the pattern of developmental expression and dis-
tribution of this receptor type in cat visual cortex (Cynader et
al., 1990; Prusky and Cynader, 1990) using *H-PZ for receptor
autoradiography. We found substantial changes in M, receptor
distribution and density during postnatal development, with
different cortical layers showing markedly different concentra-
tion of receptors at different ages. Moreover, this developmental
redistribution of M;AChR could be modulated by the nature
of input to the cortex during early development. In addition,
we have studied regulatory mechanisms of mAChRs in short-
term living slices of rat cerebral cortex (Jia et al., 1989; Shaw,
1989; Van Huizen et al., 1989). However, despite these studies
there is still much to learn about the use and activity dependency
of these receptors in living neurons. Most studies of M, receptors
that we and others have performed have utilized two techniques,
autoradiography and immunocytochemistry. These have re-
vealed that the M, receptor is prevalent in sympathetic ganglia
(Brown et al., 1980; Giraldo et al., 1985) and in brain areas such
as cerebral cortex, corpus striatum, and hippocampus (Mash
and Potter, 1986; Spencer et al., 1986; Prusky and Cynader,
1990). While we have provided evidence of redistribution of
receptors with age, these studies still provide only static views
of receptor distribution in fixed tissues.

A new optical microscopic technique, confocal laser scanning
microscopy, offers significant advantages over conventional epi-
fluorescence microscopy, including the possibility of a signifi-
cant improvement in lateral resolution and the capability for
direct noninvasive serial optical sectioning of intact and even
living specimens (Shotton, 1989; Pawley, 1991). Using this new
technique for visualization of neurotransmitters and/or their
receptors in living neurons may lead to a greater understanding
of their roles in the functioning brain. Recently this technique
has been used to study GABA and glutamate interactions in rat
cortex (Vincent et al., 1991) and to examine glycine synaptic
receptors in goldfish brain slices (Triller et al., 1991).

It has now been established that long-term variations in neural
activity can alter the normal development of synapse number
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and structure in the cortices of experimental animals (Van Hu-
izen et al., 1985, 1987; Beaulieu and Cynader, 1990a,b). Studies
of mAChRs also show that the receptor up- and downregulation
is induced by multiple factors including physiological, phar-
macological, and pathological changes (Maloteaux et al., 1983;
El-Fakahany and Lee, 1986; Hunter and Nathanson, 1986; Pe-
digo, 1988; Pilch and Muller, 1988; Zhu and Chuang, 1988;
Rimvall et al., 1989; Thompson and Ficher, 1990; Bhattacharya
etal.,, 1991). We have examined these questions for M, receptors
in living cortical cells in primary culture, asking how readily
receptor number and distribution can be altered and what role
receptor input and neuronal activity play in the process. In order
to address above questions, we have established a model system
using fluorescent PZ to visualize M, receptors directly by con-
focal microscopy in cultured neurons derived from rat visual
cortex.

Materials and Methods

Rat brain dissection and primary cell culture preparation. Visual cortex
neuronal cells in culture were prepared from postnatal day O or day 1
Long-Evans rats. Each rat was killed by decapitation under halothane
anesthesia. The cerebral hemispheres were removed and placed in a 60
mm culture dish with brain dissecting buffer solution containing Ca?*
and Mg?* free Hank’s Balanced Salt Solution (GIBCO) of the following
composition (in mm): NaCl, 138; KCl, 15.7; KH,PO,, 0.3; Na,HPO,,
0.3; dextrose, 18; NaHCO,, 4; HEPES, 15.7 (Sigma); pH 7.4. Under a
dissecting light microscope, the visual cortices were dissected and minced
with iridectomy scissors into fine fragments. The fragments were then
transferred into a 15 ml centrifuge tube containing 2 ml of 0.25% trypsin
(Sigma) and 1 ml of 0.1% DNase I (Boehringer Mannheim). The tissue
was incubated in a 37°C incubator for 10 min, and then removed and
gently dissociated with a 5 ml plastic pipette; 2 ml of ice cold fetal
bovine serum was added to the cell suspension to stop the trypsin
activity. The cell suspension was then centrifuged, and resuspended in
culture medium (Minimum Essential Medium, MEM; GIBCO) con-
taining (in mm) L-glutamine, 4; NaHCO,, 16; HEPES, 20; and 10 ml
of fetal bovine serum; pH 7.4. After two washes with fresh medium,
the cells (10¢ cells per ml) were plated onto poly-L-lysine-pretreated
glass coverslips (described below) in 35 mm culture dishes. Each culture
dish contained 2 ml of culture medium. The cultures were incubated
in a 5% CO, incubator at 37°C. The medium was totally removed on
the following day and replaced with fresh medium containing 20 um
cytosine arabinofuranoside (Sigma) to limit the proliferation of glial
cells (Greene and Rein, 1976). Half of the medium was then replaced
at twice weekly intervals with fresh medium without cytosine arabi-
nofuranoside.

Coverslip preparation. Thirty-one millimeter circular glass coverslips
(Biophysica Technologies, Inc.) were boiled in 50% nitric acid for 2 hr
and rinsed with running tub water and then distilled water for at least
20 min. The coverslips were transferred into glass petri dishes for ster-
ilizing in an autoclave at 125°C for 25 min, and then placed in an
autoclave drying oven (60°C) overnight. Each coverslip was plated into
a 35 mm culture dish before the rat brain dissection; 0.5 ml of poly-L-
lysine solution (P-L-L; 0.1 mg/ml in distilled water; Sigma) was dropped
onto each coverslip to cover the glass surface. The P-L-L solution was
left on for about 20-30 min, and then aspirated away, and the coverslip
was rinsed three times with sterile water.

Cell culture conditions. Cultures were incubated in the MEM medium
described above for 10 d before the treatments described below were
applied. For study of activity-dependent and use-dependent receptor
expression, cell cultures were then divided into several groups that were
incubated in MEM containing either (1) 40 mm potassium chloride, (2)
0.1 pMm tetrodotoxin (TTX; Sigma), (3) 5 nM unlabeled PZ (Research
Biochemicals Inc., RBI), or (4) 10 um carbachol (RBI), respectively. The
media were also changed at twice weekly intervals. After 7 d of incu-
bation in the above media, the cultures were ready to be examined.

Synthesis of BODIPY® FIL. PZ. The M -selective muscarinic receptor
antagonist pirenzepine (5,11-dihydro-11-[[4-[2-[6-(t-Boc-amino)-1-
oxohexyl]-amino]ethyl]-1-piperazinyl]-6H-pyrido[2,3-b][1,4]ben-
zodiazepin-6-one) was synthesized according to the reported procedure
(Karton et al., 1991), except that 6-tBoc-aminohexanal, which was also

required for the synthesis, was made using the method of Martinez
(Martinez et al., 1985). Trifluoroacetic acid (TFA; 0.5 ml) was added
dropwise to the above intermediate (60 mg, 0.11 mmol) in 3 ml of
CHCl, cooled in an ice bath. After the addition, the solution was warmed
to room temperature and stirred overnight. The solvent and excess TFA
were rotor evaporated, and the gummy residue was further dried under
high vacuum for 2 hr to remove the remaining TFA. The residue was
then suspended in 15 ml of dry CHCI,, followed by the addition of
diisopropylethylamine (100 ul). 4,4-Difluoro-5,7-dimethyl-4-bora-3a,
4a-diaza-s-indacene-3-propionic acid, succinimidyl ester (NHS BOD-
IPY; 43 mg, 0.11 mmol) in 15 ml of dry CHCI, was added dropwise
to the above stirred suspension, and the stirring continued overnight at
room temperature. The solvent was removed by rotor evaporation. The
product was isolated by the preparative TLC using MeOH/CHCI, (1:4)
(R,= 0.5) as the solvent. The product was identified by NMR and high-
resolution mass spectroscopy.

BODIPY® FL PZ binding procedures. Cells were incubated in total
darkness for 60 min at room temperature with 50 nm BODIPY® FL
PZ in HEPES-buffered saline containing (in mm) 138 NaCl, 5 KCI, 0.8
Na,HPO,-2H,0, 10 MgSO,, and 20 HEPES, pH 7.4. Time course stud-
ied indicated that after about 50 min of incubation, the maximum
fluorescent intensity appeared to reach asymptote (Fig. 1). Therefore,
we chose a 60 min incubation time for our studies. At the end of the
incubation period, the cells were rapidly washed twice with HEPES
buffer. Displacement experiments to evaluate binding specificity were
performed by incubating BODIPY ® FL PZ (50 nm) in the presence of
other muscarinic receptor antagonists including unlabeled PZ, AF-DX
116 (Boehringer Ingelheim Ltd., Canada), 4-DAMP methiolide (RBI),
and atropine (Sigma). For those cultures that had been pretreated with
unlabeled PZ and carbachol, an extra rinsing step was applied to wash
off the drugs from receptor binding sites before BODIPY ® FL PZ bind-
ing was undertaken.

Evaluation of BODIPY® FL PZ affinity by radioligand binding assay.
The binding assays were conducted on homogenates of rat cortex mem-
branes as described in other studies (Araujo et al., 1991). Male Long-
Evans rats (250 gm) were decapitated under halothane anesthesia and
the brains were dissected on ice. Both brain hemispheres were homog-
enized with a Brinkmann Polytron (setting 6, 20 sec) in Krebs’ buffer
containing the following (in mm) NaCl, 120; MgSO,-7H,0, 1.2; KH,PO,,
1.2; glucose, 5.6; NaHCO,, 25; CaCl,, 2.5; and KCl, 4.7; pH 7.4. The
homogenate was centrifuged for 10 min at 490,000 x g, after which
the supernatant was discarded and the pellet washed twice by resus-
pending in fresh buffer and recentrifuging. The final membrane pellet
was suspended in buffer. Aliquots of the final membrane pellet (200-
500 pg of protein) were incubated in the same buffer as above, containing
10 nM (N-methyl)-*H-PZ (72 Ci/mmol; New England Nuclear, Boston,
MA) and various concentrations of competing ligands including BOD-
IPY® FL PZ, PZ, and nicotine (as control) for 60 min at 4°C. Bound
*H-PZ was separated from free *H-PZ by centrifuging the membrane
pellet, discarding the supernatant, and washing twice in fresh buffer as
described above. The radioactivity bound was detected with a scintil-
lation counter (Beckman Inc., Fullerton, CA). The data from the radi-
oligand competition binding assays were expressed as percentages of the
maximum specific binding of the radioligands observed in the absence
of competitor. IC,, values were obtained graphically and then corrected
for occupancy by the labeled ligand according to the method of Cheng
and Prusoff (1973) to obtain K, values. The K, values presented are
geometric means [anti-log of averaged log (K,) values].

Confocal microscopy. The incubation steps with BODIPY® FL PZ
and washes were performed as described above. The glass coverslips
with the cells attached were removed from the culture dishes to a Teflon
chamber (Bionique), which provides an optically clear surface for im-
proved microscopic resolution (Gabridge, 1981). This chamber then
was placed onto the stage of a confocal microscope.

Cells were initially viewed using a fluorescein isothiocyanate—specific
dichroic filter with the epifluorescence optics of a Nikon Microscope
DIAPHOT-TMD; 20 x fluotar and 60 x oil immersion objectives were
used to give first overall and then high-magnification views.

Confocal imaging was performed with the MRC-600 laser scanning
confocal system (Bio-Rad Microscience) configured with a Nikon mi-
croscope, argon ion laser (488/514 nm), and a PC-AT~compatible com-
puter system integrated with an optical disk for image storage. The basic
optical design of the laser light pathway has been fully described else-
where (Carlsson and Aslund, 1987, 1989; Shotton, 1989; Pawley, 1991).
All image-generating and processing operations were performed by soft-



ware provided with the confocal system. The optical scanning images
(768 x 512 pixels) of visual cortex neurons ecither were taken from
lookthrough projection (with the spatial filter aperture fully opened), or
were composited from 10 sections at 1 um intervals so that a total
thickness of 10 um of each neuron was imaged. From these data vol-
umes, the image of each neuron could be generated and used for eval-
uation of M, receptor localization. The collected images were stored in
the memory of the MRC-600 data station for subsequent analysis. This
method permitted selection of only those individual optical sections
that contained the neuronal elements of interest for construction of a
final image and thus provided an apparent extension of depth of field
for the objects being analyzed. The imaging process also included con-
trast enhancement by signal amplification and background noise re-
duction. In addition, combining two individual images of the same field
could produce a single image that yielded a “3-D-like” quality to the
image so that the BODIPY labeled binding sites appeared in relief from
the background. From this kind of computer-enhanced image, the rel-
ative anatomical relationships of the binding sites to cell structures could
be observed. Following the use of an on-screen magnification zoom
option, high-magnification images of the individual fluorochromes on
the receptor binding sites could be visualized on the monitor. Hard
copies were then generated by using Kodak Ektachrome slide film (ASA
100) to photograph the monitor. :

In order to make reliable quantitative measurement of fluorescent
binding sites, the following procedure was applied. First, at low mag-
nification (20 x objective) and using phase-contrast condenser, a search
field was randomly chosen. Then neurons within this field were ex-
amined one after another using a high-power objective (60 x oil objec-
tive). The distribution and density of fluorescent labeling on each in-
dividual neuron were captured with the confocal microscope. The
maximum contrast of the image was achieved by adjusting the photo-
multiplier output. Once the optimal image was obtained, the same level
of photomultiplier output was used to capture the rest of the images in
the same experiment. The fluorescent clusters were then analyzed on
the screen monitor. In this way, photobleaching, associated with data
collection (fade), could be reduced to a minimum. The locations of
clusters were identified and assigned to groups corresponding to somata
and process locations.

Evaluation of binding specificity by confocal microscopy. The binding
specificity of BODIPY ® FL PZ for the M, receptor was determined by
confocal imaging in the presence of different antagonists for muscarinic
receptors. In these experiments the cultured neurons were incubated
concurrently with 5 nm BODIPY® FL PZ and various antagonists for
M receptors at concentrations of 5 um or 50 um. PZ was used to displace
fluorescent labeling of M, receptors. AF-DX 116 and 4-DAMP meth-
ioide were used to occupy M, and M, receptors, respectively, and at-
ropine was applied to occupy all classes of muscarinic receptors in a
nonselective manner. To evaluate binding density, 10 different frames
were captured for each one preparation. The pixel intensity distribution
histogram was then plotted for each frame. The intensity value of most
strongly fluorescent pixel in each screen was normalized to 100% and
then binding intensity in the various conditions described above was
compared to this value.

Results

Morphological development of rat visual cortex neurons in
primary cell culture as studied by phase-contrast microscopy
The freshly seeded cells adopted a rounded shape without ex-
tensions. A few cells began forming small extensions within 1
hr of plating and most cells formed extensions within 8 hr. The
extensions differentiated into one long neurite (the probable
axon) and several short ones (probable dendrites) per cell within
24 hr. At 24 hr, a few glial cells were seen as large, flattened,
phase-dark cells with broad extensions. The cultures developed
well during the first 10 d in vitro (DIV) without any special
treatment. Small bi- and multipolar neurons (presumably non-
pyramidal cells) and large neurons that resembled pyramidal
cells were present either as solitary elements or as small clusters
of cells on patches of flat glial cells by 10 d in culture. The
outgrowth of neurites led to a network in the central area of the
plate. After another 7 d without treatment the control cultures
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Figure 1. Association time course of BODIPY® FL PZ binding as
studied in cultured rat visual cortical neurons. Cultures were exposed
to BODIPY® FL PZ for the time indicated and then confocal images
were obtained. The maximum pixel intensity measured from each image
was used to obtain the data reported for the figure plotting. Values are
the means (+SEM) of five experiments. The curve is fitted by eye.

showed a well-developed neuronal network and a full layer of
glial cells (Fig. 2B). In high K+—treated cultures, the number of
neuronal cells was the same as that of the control cultures. The
size of neuronal cell bodies was also the same or perhaps slightly
enlarged. Their processes (especially pyramidal-like neurons)
were extensively spread out with enriched varicosities. The neu-
ronal network therefore tended toward a more dense appearance
(Fig. 2A). In the TTX-treated cultures, the neurons also retained
the same size and a slightly reduced number. However, the
network of branched neurites was markedly reduced (Fig. 2C).

The general morphology of neurons in PZ- and carbachol-
treated cultures were also investigated under phase-contrast mi-
croscope. No significant changes were found in either the size
or density of the neuronal cells or in the appearance of the
neuronal network.

After 3 weeks in vitro, the control cultures started to show
signs of degeneration such as the formation of lipid droplets in
the neurons and in other cells, retraction of neurites, and abun-
dance of fine cell debris. For this reason, our experiments were
performed on neurons only during the first 3 weeks in culture.

High binding affinity of the BODIPY® FL PZ to its receptor
site on the M, receptor

The displacement curves (Fig. 3) for BODIPY ® FL PZ indicate
that this compound retains the high affinity of the parent non-
fluorescent compound and that it effectively displaces *H-PZ
binding. The calculated K, value for BODIPY® FL PZ was 52
nM compared with a K, for unlabeled PZ of 38 nM, obtained in
the same experiment. These results show that derivatization has
only a minor effect on the equilibrium binding of PZ to its site
on the M, receptor.

Visualization of M, AChR binding sites in cultured visual
cortical neurons

The expression of M,AChRs was assayed by the binding of
BODIPY® FL PZ to living visual cortical neurons in cultures.
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Figure 2. Photographs of a visual cortex neuronal culture taken with
a phase-contrast microscope. 4, A 17-d-old culture that has been ex-
posed to 40 mm K* for 7 d shows a thick-appearing neuronal network
and enriched varicosities on cell processes (arrows). B, A control culture
of 17-d-old neurons shows pyramidal neurons (PN, arrows) and the
neuronal network. C, A 17-d-old culture that has been exposed to 0.1
uM TTX for 7 d shows a significant reduction of the network of branched
neurites. Scale bar, 100 um.

Figure 4B shows a typical confocal image of the distribution of
receptor binding sites taken from a pyramidal neuron after 10
d in culture. This image was obtained by projecting and com-
positing scanning images (768 x 512 pixels) of the neuron at 1
wm intervals for a total of 10 sections. The same extended focus
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Figure 3. Competition for *H-PZ binding to the high-affinity sites in
rat brain cortex membranes. Experimental details are explained in Ma-
terials and Methods. Bo and B are binding in the absence and in the
presence of unlabeled competitor, respectively. Each value represents
the mean of three separate experiments. Displacement by PZ (O), BOD-
IPY® FL PZ (@), and nicotine (M) are indicated. M is the concentration
of competitors. Note that BODIPY® FL PZ and natural PZ are about
equally effected displaces while nicotine is much less effected.

method was used to create the other confocal images presented
in this article. As shown in Figure 4B, receptor binding sites
were clearly visualized as fluorescent “hot spots” on the cell
body and proximal portions of processes that could not always
be followed over long distances. These fluorescent hot spots
were circular or roughly oval and were fairly homogeneous in
size, with most diameters varying from 0.5 to 1.5 pm.

Specific binding of BODIPY® FL PZ to M, receptor

Displacement experiments as described in Materials and Meth-
ods were performed in order to determine whether the BODI-
PY® FL PZ binding to M,AChR could be displaced by con-
current incubation with various muscarinic antagonists. The
results from these experiments are shown in Figure 5. The max-
imum fluorescent intensity decreased to 7% of control levels for
the neurons incubated with 5 nM BODIPY® FL PZ and 5 um
unlabeled PZ to compete for the M, receptors. Both 5 um AF-
DX 116 and 5 um 4-DAMP had little or no effect on the binding
of BODIPY ® FL PZ to its receptors, with the mean pixel fluo-
rescent intensity maintained at 92% and 89% of control levels,
respectively. For those neurons exposed to 5 uM atropine, the
binding of BODIPY ® FL PZ to the receptor was almost com-
pletely blocked as indicated by a drop to only 8% of baseline
fluorescence intensity. These results indicate that chemically
coupled BODIPY® FL PZ still maintains its high binding af-
finity and specificity for M,AChRs.

Developmental expression and distribution of M, receptor

The expression and distribution of M, receptors were studied
after different lengths of time in culture. As shown in Figure
64, receptors were already expressed on the cell bodies of neu-
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Figure 4. Distribution of M, AChRs on rat visual cortical neurons in culture. A confocal image of a living cultured pyramidal neuron from rat
visual cortex at 10 d in vitro (DIV) shows many M, AChR binding sites labeled with BODIPY® FL PZ. Receptor binding sites are visualized both
on the cell body and on the proximal portion of the dendrites (8). A same-field picture shows the neuron in phase contrast (4). Scale bar, 10 um.

rons after only 24 hr in culture, although the receptor binding
sites were sparse. Most of the visualized binding sites were lo-
calized in the area of the cell body from which the processes
were growing out. There were also a few receptors distributed
on the initial segments of processes. Figure 6.8 presents a com-
parable image of a representative neuron after 10 d in culture.
The number of the fluorescent spots on the cell body were greatly
increased at this stage and were also seen on the proximal por-
tions of the dendrites. When visualized at day 17 (Fig. 6C), both
the cell body and neuronal processes were heavily decorated
with fluorescent “hot spots.” The dendrites could be followed
in favorable preparations over at least two branching points for
distances as far as 600 um.

Effect of membrane depolarization on development and
expression of M, receptors

The binding of BODIPY ® FL PZ to receptors on cultured visual
cortical neurons increased significantly compared to control cul-
tures after 7 d of treatment with 40 mm potassium chloride.
Short periods of incubation of the cortical neurons with the KCl
(1 or 2 d) had no obvious effect. This indicates that chronic
depolarization of the neuronal membrane is necessary to upre-
gulate the expression of M, AChRs in these neurons. Pyramidal
neurons of 17 DIV treated with 40 mm KCI during the final 7
d of incubation showed an increased number of fluorescent **hot
spots” both on the cell bodies and on processes. It was not
unusual to see the fluorescent spots lined up along extended

100
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Figure 5. Competition of BODIPY ® FL PZ binding with PZ, AF-DX
116, 4-DAMP, and atropine. Experimental details are as described in
Materials and Methods. Values are the means (+SEM) of five experi-
ments. Note that binding in the presence of unlabeled PZ and atropine
is reduced to less than 10% of control values. AF-DX 116 and 4-DAMP
have little effect on binding density.
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Figure 6. Developmental increase in
the expression of M, receptor binding
sites on rat visual cortical neurons in
primary cell culture. Each panel (4-C)
contains a confocal image of a repre-
sentative cultured neuron labeled with
fluorescent BODIPY® FL PZ. 4, A
neuron at 1 DIV expressing the receptor
binding sites on its cell body and the
initial segments of processes (arrows).
B, By 10 DIV, the number of the flu-
orescent spots on neuronal cell bodies
was greatly increased and they were also
distributed on the proximal portion of
the dendntes (arrows). C, A neuron at
17 DIV showing both cell body and
processes enriched with fluorescently
labeled M, receptors. Scale bar, 10 um.

neuronal processes in these treated cultures. The cell illustrated
in Figure 74 was cultured in a medium containing 40 mM po-
tassium chloride for 7 d after 10 d of control culture conditions.
Note the dramatic upregulation of fluorescently labeled M, re-
ceptors in the cell body of this neuron. Neurons with this enor-
mous concentration of somatic binding sites were never ob-

served in control cultures. Figure 8 shows the results of
quantitative estimations of the receptor expression in the plasma
membrane of cell bodies and processes from potassium-and
TTX-treated as well as control cultures. In these quantitative
estimations, the fluorescent spots per cell body and fluorescent
spots per primary process followed as far as 100 um from initial




exit point were counted from randomly chosen, independent
profiles. The average numbers of fluorescent hot spots = SEM
per cell body and per process for each group were also calculated,
and the percentage increase in number of “*hot spots” relative
to control is plotted in Figure 8. For high K+-treated cultures,
the number of fluorescent hot spots in the processes was found
to be increased by 58% relative to control cultures (Fig. 8, bot-
tom) and it was increased by about 40% in the cell bodies (Fig.
8, top). It should be noted, however, that the morphological
appearance (€.g., the size and intensity) of individual **hot spots™
in both high K+-treated and untreated cultures was similar.
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Figure 7. Confocal images of fluores-
cently labeled M, receptor binding sites
in cultured visual cortical neurons
treated with high K* or TTX. 4, A typ-
ical 17 DIV neuron exposed to 40 mm
KCl during the final 7 d of incubation.
The receptor binding sites, shown as
fluorescent “hot spots” show a high
concentration on the cell body and pro-
cesses. B, A representative neuron of
the same age in a sister culture exposed
to 0.1 um TTX during the final 7 d of
incubation. The number of receptor
binding sites on this neuron is much
less than in control neuron (see Fig. 6C).
Scale bar, 20 pm.

Effect of blocking bioelectric activity on expression of M,
receptor binding sites

Using the methods as described in previous sections, the binding
of BODIPY® FL PZ to cultured visual cortical neurons was
studied in those cultures treated with TTX. In this experiment,
10-d-old cultured neurons were exposed to 0.1 um TTX for
another 7 d. As illustrated in Figure 7B, growing the cultures
in the presence of TTX, which abolishes neuronal activity, caus-
es a dramatic decrease in density of the receptors, especially on
dendrites. Quantitative estimates showed that treatment of the
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Figure8. Effects of high concentration of potassium chloride and TTX
on the expression of M, receptor in cultured visual cortical neuron.
Results are presented as percentage increase or decrease in the number
of M, receptor clusters relative to control values. Each value is the mean
+ SEM of 18-30 determinations. Top, Number of the receptor clusters
in cell bodies. Bottom, Number of the receptor clusters in cell processes.

neurons with 0.1 um TTX for 7 d significantly decreased the
number of fluorescent “hot spots” on both cell bodies and pro-
cesses when compared with untreated control cultures (Fig. 8,
bottom). As shown in Figure 8 the number of fluorescent “hot
spots” in the processes was found to be decreased by 42% rel-
ative to control cultures and it was decreased by about 30% in
the cell bodies. The effect appears to require chronic TTX treat-
ment since it was not observed when the cultures were examined

1 or 2 d after TTX incubation. Despite the change in numbers,
the size and fluorescent intensity of individual “hot spots’ were
not changed after TTX treatment.

Effect of chronic treatment with receptor agonists and
antagonists

The classical M, receptor antagonist PZ and the muscarinic
receptor agonist carbachol were used to treat the neuronal cul-
tures during the period of cell growth to examine the up- or
downregulating effect, if any, of chronic treatment with these
agents on developmental expression of the M, receptor. The
procedures were similar to those described above for treatment
with TTX and high potassium concentration: 10-d-old cultured
neurons were coincubated either with 10 uM carbachol or 5 nm
PZ in the medium for another'7 d. As illustrated in Figure 94,
the number of receptor binding sites on cytoplasmic membranes
of the neurons increased significantly after 7 d of incubation
with 5 nm PZ when compared with the untreated control neu-
rons. On the other hand, neurons treated with 10 .uM carbachol
for 7 d were characterized by a significant decrease in the number
of receptor binding sites (Fig. 9B). Table 1 shows the results of
quantitative estimations.

Discussion

We have developed a fluorescent analog, BODIPY® FL PZ, to
study both activity-dependent and use-dependent expression of
M,AChRs on cultured visual cortical neurons. As the results
from the competitive binding assays show, the fluorescent PZ
derivative used here retained its affinity to M;AChRs and was
a potent inhibitor of *H-PZ binding to rat brain cortex mem-
brane just as was native PZ. Likewise, the displacement profile
of BODIPY ® FL PZ was similar to native PZ. The high affinity
and well-characterized specificity of BODIPY® FL PZ for the
M, receptor shown in our results, make this as an ideal ligand
to study the dynamics of M, receptor behavior by fluorescent
imaging with confocal microscopy. It is clear that the high-
resolution confocal laser scanning microscope has several ad-
vantages over standard epifluorescence optics. These include
both increased sensitivity and spatial resolution as well as re-
duced bleaching of fluorochrome due to the serial scanning
method by which the image is formed. In addition, the ability
to scan the specimen optically through various depths at specific
intervals and then to composite the image data to form an
extended-focus image of the object of interest is a powerful

Table 1. Quantification of M, receptor clusters expressed as fluorescent hot spots in the plasma
membrane of cultured rat visual cortical neurons treated with PZ or carbachol

Carbachol Control

Treatment
Location PZ
Cell bodies
Processes

22.8 + 2.4 (n = 20)*
11.5 + 0.6 (n = 20)**

9.1 £ 1.2 (n = 20)*
3.2 £ 0.5 (n = 20y

16.6 = 1.0 (n = 25)
6.4 = 0.5(n=19)

Data are quantification of the expression of M, receptor binding sites in the plasma membrane of cell bodies and processes
from receptor agonist- and antagonist-treated and untreated control cultures of rat visual cortical neurons. Visual cortical
neurons were cultured for 17 d and subsequently prepared for confocal visualization of M, receptors as described in the
text. During the last 7 d of culture the agonist-treated cultures were grown in the presence of 10 um carbachol and the
antagonist-treated cultures were grown in the presence of 5 nm PZ. The average numbers of fluorescent hot spots + SEM
per cell body and per process are based on counting of 20 randomly chosen, independent profiles.

* Significantly different (P < 0.01) from the number of M, receptor clusters on the cell bodies of control group (Student’s

paired ¢ test).

** Significantly different (P < 0.01) from the number of M, receptor clusters on the cell processes of control group

(Student’s paired ¢ test).



advantage. The results presented in this article are therefore
considered to be rather reliable, particularly the qualitative and
quantitative procedures for measuring density and distribution
of receptor binding sites.

Developmental expression of M, receptors in normal cultures

In normal nontreated cultures, as indicated in the Results, the
receptors were present only at very low levels at postnatal day
0 immediately after dissociation. They then gradually increased
in number over the next 2-3 weeks. At early ages (the first week
in culture), the receptors started to appear on the initial segments
of the axonic and dendritic outgrowths and redistributed within
somata to form zone of high M, concentration. In the second
week in culture, the receptors were not only apparent on cell
bodies and initial segments of the cell extensions, but were also
expressed at a distance in secondary and tertiary branches of
the extensions, forming several high-density “hot spots.” This
expression shift might reflect the formation of synaptic contacts
and/or transmission at this stage. During the last stage (the third
week in the culture), the receptor binding sites were imaged
almost everywhere on the somal surface as well as in visible
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Figure 9. Confocal imaging of flu-
orescently labeled M, receptor binding
sites in cultured visual cortical neurons
treated with the receptor agonist char-
bacol and antagonist PZ. 4, A repre-
sentative 17 DIV neuron treated with
5 nm PZ during the final 7 d of incu-
bation showed a great increase of re-
ceptor binding sites. B, A represenia-
tive 17 DIV neuron of the same age in
a sister culture treated with 10 mm car-
bachol during final 7 d of incubation
showed the opposite result. Scale bar,
10 pm.

branches, which correlates with the peak of synaptic develop-
ment and its stabilization in culture at this stage. The neuronal
extensions, including axons and dendrites, began to retract after
3 weeks in culture, as has been observed previously in rat ce-
rebral cortex neurons (Ramakers et al., 1991), and the number
of receptors decreased following the somatal and neuritic de-
generation. This neuron death after 3 weeks in culture condition
may be caused by the lack of contact with an appropriate neu-
ronal target (Innocenti et al., 1977; Cowan and O’Leary, 1984).

Glial cells were identifiable in these cultures on morphological
grounds, and we were interested to find evidence of muscarinic
receptor localization on these cells as well. The rules underlying
receptor regulation on glial cells will be the subject of a separate
communication.

The expression and distribution of M, receptors have been
studied at the whole-animal level in the developing cat (Prusky
and Cynader, 1990) and rat (unpublished observations) in pre-
vious autoradiographic studies in our laboratory. These findings
indicated that M, receptors were expressed in layer IV imme-
diately following birth. The density of the receptors increased
at different rates in the different cortical layers to achieve a
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relatively homogeneous distribution across all cortical layers at
30-40 d of age with a later concentration in the superficial and
deep layers of the cortex. While we must be cautious in extrap-
olating results from these culture experiments to the in vivo
situation, the results reported here show that a similar gradual
increase in M,AChR number occurs on both cell bodies and
neuronal processes in the culture environment from day 0 to
day 21.

Effect of chronic high potassium and TTX treatment on M,
receptor expression

A primary finding reported here is the elucidation of some fac-
tors that regulate the expression and distribution of M,AChR
during development. The results obtained here are quite clear
in showing that the number of M, receptors was increased by
depolarization with chronic exposure to high concentrations of
potassium chloride and decreased by blocking activity with
chronic exposure to TTX.

Spontaneously occurring bioelectric activity has been shown
to be a significant factor in neuronal development, affecting both
morphological and functional aspects of the nervous system
(Harris, 1981; Oppenheim, 1985; for review, see Fields and
Nelson, 1992). In kitten visual cortex, it has been found that
the expression and redistribution of neurotransmitter receptors
observed during the critical period are also dependent on visual
input to the cortex (Cynader et al., 1990). In the present study
we found that chronic depolarization by high concentration of
potassium or chronic blocking of activity by TTX was necessary
to modulate M, receptor expression. Similar chronic responses
have been induced by high potassium treatment in the study of
muscarinic receptors in septal neurons (Simantov and Levy,
1989). In the study of synaptogenesis in rat cerebral cortex cul-
tures using quantitative stereological EM analysis (Van Huizen
etal., 1985), it was revealed a significant retardation in synapse
formation and ultrastructural maturation of synaptic junctions
occurred during the first 3 weeks in culture when the occipital
cortex cells were chronically exposed to impulse-blocking levels
of TTX. Chronic suppression of spontaneously occurring bioe-
lectric activity by TTX was also reported to induce cellular
biochemical changes and increase neuronal cell death in cerebral
cortex cultures (Ramakers and Boer, 1991; Ramakers et al.,
1991). However, the molecular mechanisms underlying the ef-
fect of chronic activation or suppression of bioelectric activity
on the development of axonal and dendritic form and receptor
expression are not yet clear. A number of possible cellular and
molecular mechanisms involved in these chronic processes have
been considered. First of all, the effect of neural electric activity
directly modulates membrane potential, which could (1) change
the level of trophic materials, such as NGFs, released by neurons
and glial cells (Gall and Isackson, 1989); (2) modulate voltage-
dependent ion channels (Simantov and Levy, 1989) to affect the
formation of neuronal processes and the expression of neuro-
transmitter receptors. A number of substances, such as arachi-
donic acid and nitric oxide, released by the postsynaptic neuron
in response to depolarization have also been suggested as having
possible postsynaptic effects (for review, see Fields and Nelson,
1992). In addition, electrical activity has been shown to mod-
ulate intracellular calcium and a number of second messenger
systems, which may affect the development of axonal and den-
dritic form and the expression of neurotransmitter receptors.
For instance, elevated intracellular calcium may activate a pro-
tease that increases the number of glutamate receptors (Lynch

and Baudry, 1984). Finally, in addition to modulation of the
level of trophic factors and calcium, electrical activity has been
shown to produce changes in a number of regulatory genes such
as c-fos (Morgan and Curran, 1989) and Zif-268 (Chaudhuri
and Cynader, 1993). ~

Effect of cholinergic input on M, receptor expression

Our results reveal that the expression of M, AChRs depends not
only on neuronal activity, but also on the occupancy of the
existing M, AChR. Chronic application of the mAChR agonist
carbachol for 7 d in culture condition decreased the density of
fluorescent binding sites, while M,AChR antagonist PZ in-
creased fluorescent binding sites.

The chronic process of antagonist-induced upregulation of
mAChRs has also been investigated in other neuronal prepa-
rations (Niu et al., 1989; Vige and Briley, 1989; Ohkuma et al.,
1990). Previous work has shown that the muscarinic receptor
antagonists atropine (1 umM) and PZ (10 um) cause a significant
upregulation of MAChR mRNA. Increase in M, receptor mRNA
was also found in temporal cortex of Alzheimer’s disease pa-
tients, as demonstrated by in situ hybridization histochemistry
(Harrison et al., 1991). Therefore, elevated levels of muscarinic
receptor mRNA are likely to result in increased receptor syn-
thesis in response to antagonist inhibition and to the cholinergic
deficits occurring in Alzheimer disease. On the other hand, it
has been shown that short-term exposure of mAChRs to ACh
or to its analog carbachol causes losses of function (desensiti-
zation) of muscarinic receptors. Agonist application apparently
induces internalization of surface mAChRs, which is not nec-
essarily associated with a significant change in the total number
of cellular receptors (Ray et al., 1989). Prolonged exposure of
mAChR to either ACh or carbachol leads to gradual decrease
in the concentration of these receptors due to an increased rate
of mAChR degradation (Klein et al., 1979). Electron micro-
scopic immunocytochemistry, using a monoclonal anti-mus-
carinic receptor antibody, has revealed that the mAChR down-
regulation may be brought about by internalization of the receptor
into intracellular vesicles (Rapaso et al., 1987). More recent
work using specific binding assay and Northern blot hybridiza-
tion analysis to evaluate the levels of M,AChRs and their mRNA
levels in a transfected cell line suggests that the reduction in
steady state level of muscarinic receptors following prolonged
treatment with agonist is not solely the result of an increase in
the rate of receptor degradation, but could also result from a
decrease in receptor protein synthesis as a consequence of a
decrease in the level of its mRNA (Wang et al., 1990). Similar
results have been reported for M, and M, muscarinic ACh re-
ceptors in cultured cerebellar granule cells (Fukamauchi et al.,
1991).

Another factor regulating mAChRs in rat cerebral cortical
slices appears to involve second messenger systems. Jia et al.
(1989) showed that activation of protein kinase C with phorbol
esters caused marked downregulation of mAChR. They sug-
gested a feedback pathway in which phosphatidylinositol turn-
over elicited by stimulation of mAChRs, which results in protein
kinase C activation, is involved in the receptor downregulation.
This evidence suggests that activation of other noncholinergic
receptors coupled to phosphatidylinositol turnover might also
downregulate mAChRs. As new fluorescent ligands for various
receptors become available, the ability to visualize their exact
spatial relationships to each other will be an important advan-
tage in studies of regulatory mechanisms.



In conclusion, our results indicate that the developmental
expression of M, receptors is regulated by neuronal activity and
also by occupancy of the receptor. Whether one of the above
factors plays a dominant role in regulating receptor expression,
and whether there are interaction between them is an important
issue for future study.
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