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Visualization of cholinoceptive neurons in the rat neocortex: 
colocalization of muscarinic and nicotinic acetylcholine receptors 
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The present investigation analyzes the cellular distribution of muscarinic and nicotinic acetylcholine receptors in rat neocortex, by use of 
monoclonal antibodies raised against purified receptor proteins. The degree of colocalization of both types of receptors was determined by 
way of immunofluorescent double-labeling techniques. For both classes of receptors, pyramidal and nonpyramidal cells were found immu- 
nostained and an identical laminar distribution pattern of immunopositive neurons in the rat neocortex became apparent. A striking simi- 
larity in distribution of the two cholinergic receptor types was found in the frontal/motor and parietal cortex. Accordingly, we observed a 
high degree of colocalization of muscarinic and nicotinic acetylcholine receptors within immunopositive cortical neurons. Approximately 90% 
of the cholinoceptive neurons expressed both types of receptors. The current data demonstrate that (i) the distribution of muscarinic and 
nicotinic cholinoceptive neurons in the neocortex is present in identical laminar patterns and represent the same type of cells, (ii) both classes 
of cholinergic receptors are highly colocalized within cholinoceptive neurons, which points at individual neurons as a likely site of interaction 
between muscarinic and nicotinic acetylcholine receptor-mediated processes. 

INTRODUCTION 

The cholinergic innervation of the cortical mantle is 

intimately involved in higher cognitive processes. In the 

last decade the cholinergic system received increasing 

attention in relation to function and dysfunction of learn- 

ing and memory mechanisms, with special focus on the 

cholinergic synapse in the cerebral cortex 5'6't°. The ce- 

rebral cortex receives its topographically organized 

cholinergic input from the neurons of the nucleus basa- 

lis magnocellularis (nbm) as has been accurately estab- 
lished in recent years by several investigators 21"26'27"41. 

Lesions of the nbm as well as cholinergic receptor block- 

ade were shown to severely impair performance on a 
variety of memory tasks 13'2°'31'4° 

Acetylcholine (ACh) exerts its influence on cortical 

target cells via two types of cholinergic receptors: mus- 

carinic (mAChRs) and nicotinic acetylcholine receptors 

(nAChRs).  mAChRs are G-protein mediated receptors 
coupled to second messenger systems 36'45 whereas 

nAChRs form monovalent  cation channels mediating an 

inward flux of sodium ions 19. The summarized impact of 

ACh can be described as facilitatory and thereby increas- 

ing the magnitude of cortical neuronal  activity 1~'29. It 

may be assumed that in this way, ACh through its re- 

ceptors modulates the processing of incoming informa- 

tion to the cortex related to learning and subsequent 

plasticity. There is ample experimental evidence that 

both types of cholinergic receptors are involved in learn- 

ing and memory processes. Blockade of either mAChRs  

or nAChRs  leads to cognitive impairments 5"7. Moreover, 

recent studies clearly indicated complex interactions of 

mAChRs and nAChRs contributing to the cholinergic 

component  of cognitive functioning. The cholinergic in- 

fluence on neocortical electric activity, for example, ap- 

peared to be established by a joint contribution of both 

types of cholinergic receptors 39. Likewise, mAChRs  and 

nAChRs interact on the regulation of spatial and passive 

avoidance learning, whereas the impact of combined 

muscarinic and nicotinic blockade on radial-arm maze 

performance of rats appeared to be stronger than the 

cumulative effects of each receptor blockade alone 22'23. 

However, the underlying mechanism of the latter find- 

ings is still poorly understood 24. 

Little attention has been paid, so far, to the intracel- 

lular relationship of mAChRs and nAChRs.  Recently, 

receptor protein immunocytochemistry enabled us to vi- 

sualize mAChRs and nAChRs in the rat brain at the 
cellular and subcellular level 3°'42 44,47.48,49,55. Since the 

intracellular relationship of mAChRs and nAChRs may 
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b e  a v i ta l  p a r t  o f  t h e  f u n c t i o n a l  i n t e r a c t i o n  b e t w e e n  t he  

two  types  of  cho l i ne r g i c  r e c e p t o r s ,  we  c u r r e n t l y  e x a m -  

i ned  t h e i r  d e g r e e  o f  c o e x i s t e n c e  by  way o f  f l uo r e scen t  

i m m u n o c y t o c h e m i c a l  d o u b l e - l a b e l i n g  t e c h n i q u e s  in t h r e e  

a reas  of  t he  r a t  n e o c o r t e x .  T h e  d e t e r m i n a t i o n  of  t he  an-  

a t o m i c a l  cha rac t e r i s t i c s  of  t he  cor t ica l  c h o l i n o c e p t i v e  sys- 

t e m  m a y  f u r t h e r  s u b s t a n t i a t e  o u r  u n d e r s t a n d i n g  o f  t he  

e l e c t rophys io log i ca l  a n d  p h a r m a c o l o g i c a l  p r o p e r t i e s  o f  

t he  cor t ica l  cho l i ne rg i c  p rocesses .  

MATERIALS AND METHODS 

Subjects 
In this study 15 male Wistar rats (b.wt. 300 g) were used. All 

animals were investigated for single-labeling of mAChRs, whereas 
in 10 cases also single-labeling for nAChRs was carried out. On 
brain sections of 10 animals, fluorescent double-labeling for 
mAChRs and nAChRs was performed, 5 of which were further 
processed for quantification of dual-labeled cells. Two cortical re- 
gions were studied in greater detail: frontal/motor cortex and pa- 
rietal cortex (Table I). Zilles' atlas 54 of the rat cerebral cortex was 
used as a standard anatomical reference. 

Tissue preparation 
First, the animals were deeply anesthetized with sodium pento- 

barbital. Fixation of the brain was carried out by transcardial per- 
fusion with 300 ml fixative composed of 3% paraformaldehyde, 
0.05% glutaraldehyde and 0.2% picric acid in 0.1 M phosphate 
buffer (PB) (pH 7.4) at a perfusion speed of 20 ml/min, which was 
preceded by a short prerinse of saline. Immediately after fixation 
the fixative was removed by a perfusion with 150 ml 10% sucrose 
in 0.1 M PB. The brains were cryoprotected by overnight storage 
at 4°C in 30% sucrose in 0.1 M PB and subsequently coronally sec- 
tioned on a cryostat microtome at a thickness of 20 pro. 

Immunocytochemical procedure 
Muscarinic and nicotinic receptor proteins were visualized by 

means of the monoclonal antibodies M35 and WF6, respectively. 
The WF6 monoclonal IgG antibody was raised in mice using nic- 
otinic receptor protein purified from membrane fragments of Tor- 
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pedo marmorate electric organ cells. The M35 monoclonal IgM an- 
tibody was raised in mice against muscarinic receptor protein 
purified from bovine forebrain homogenates. Further extensive de- 
scriptions of production and characterization of WF6 and M35 have 
been reported previously, as well as their use in immunocytochem- 
istry2~3~4A2.3o.42.44.47~5o,52 

For single-labeling, free-floating brain sections were incubated 
24 h at 4°C with the primary antibody solution in phosphate-buff- 
ered saline (PBS) containing mouse anti-mAChR IgM (M35, 
1:2000) or mouse anti-nAChR IgG (WF6, 1:10). After rinsing, the 
sections were exposed for 2 h at room temperature (RT) to bioti- 
nylated rabbit IgG anti-mouse-IgM (mu-chain directed, 1:200; 
Zymed) or biotinylated sheep anti-mouse IgG (1:200; Amersham), 
respectively, followed by incubation in Streptavidin-HRP (1:200; 
Zymed). Finally, the sections were reacted under visual guidance 
with diaminobenzidine (DAB, 30 mg/100 ml Tris buffer, pH 7.4) 
and 0.01% H20 2 and mounted. 

Double-labeling experiments for the study of colocalization of 
both receptor types in the sequence of WF6/M35 were carried out 
with fluorescence techniques. For dual labeling, free-floating sec- 
tions were sequentially exposed to each of the primary antibodies 
as for single-labeling. For WF6 the primary antibody step was fol- 
lowed by goat anti-mouse IgG Phycoerythrin-conjugated (1:50; 
Tago). After completion of the WF6 staining, the sections were in- 
cubated with M35 followed by biotinylated rabbit anti-mouse IgM 
(1:50; Zymed) and Fluorescein Isothiocyanate (FITC)-conjugated 
Streptavidin (1:50; Zymed). All incubations with fluorescent labels 
were performed in darkness. After antibody processing the sections 
were mounted and coverslipped in a 1:1 mixture of PBS and glyc- 
erin. The sections were studied and photographed with a Ploemo- 
pak Leitz fluorescence microscope with the appropriate filter blocks 
for FITC and Phycoerythrin labels, yielding a green and red fluo- 
rescence, respectively. Standard control experiments were per- 
formed by (a) omission of either or both primary antibodies in the 
incubation cycle, (b) primary antibodies incubated with the non- 
matching secondary antibodies (in the sequence of WF6 -- bioti- 
nylated rabbit anti-mouse IgM -- FITC-Streptavidin and M35 -- 
sheep anti-mouse IgG phycoerythrin-conjugated) and (c) replacing 
the primary antibody by normal mouse serum. In all cases the con- 
trols yielded negative results, i.e. absence of any detectable label- 
ing, excluding the appearance of possible crossreactivity of second- 
ary antisera during the incubation cycle. 

TABLE I 

Numbers and percentages of single-M35, single-WF6 and double-labeled neurons per cortical layer in frontal~motor and parietal cortex 

* The numbers of counted cells per cortical layer correspond to the numerical neuronal density in the middle portion of the various lay- 
ers, see experimental procedures. **Layer 4 is based on area 4 of the frontal cortex as described by Lysakowski et ah 28. Sum = summa- 
tion of cells in all layers. 

Cortex area Layer Total no. of No. ofsingle No. of single No. of double 
cel~* M35 (%) WF6 (%) labeled cel~ (%) 

Frontal/motor 2-3 2108 56 (2.7) 141 (6.7) 1911 (90.7) 
4** 408 16 (3.9) 30 (7.4) 362 (88.7) 
5 3202 104 (3.2) 233 (7.3) 2865 (89.5) 
6 1403 37 (2.6) 109 (7.8) 1257 (89.6) 

Parietal 

Sum 7121 213 (3.0) 513 (7.2) 6395 (89.8) 

2-3 1287 44 (3.4) 80 (6.2) 1163 (90.4) 
4 305 8 (2.6) 28 (9.3) 269 (88.2) 
5 2108 53 (2.5) 124 (5.9) 1931 (91.6) 
6 926 17 (1.8) 61 (6.6) 848 (91.6) 

Sum 4626 122 (2.6) 293 (6.3) 4211 (91.0) 
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Degree of colocalization of M35 and WF6 
The degree of colocalization was investigated in frontal/motor 

and parietal cortex (area 1) of 5 animals. Per animal, 12 radially 
oriented cortical strips of 125/zm (frontal/motor cortex) or 250/~m 
(parietal cortex) were analyzed through layer I to the border of 
layer 6b. The strips were taken at three coronal levels (Bregma 1.2, 
-1.3 and -3.3, according to Zilles' atlas54), one strip per area per 
hemisphere. The data of all animals were pooled and presented in 
Table I. 

Under the fluorescence microscope, a clear transition of the dif- 
ferent cortical layers cannot unequivocally be established. There- 
fore, layers 2 and 3 were pooled in all areas studied. In the part of 
the "motor cortex" (area 4 of the frontal cortex, according to Lysa- 
kowski et al. 2s) of the frontal/motor area, a thin layer 4 could be 
distinguished. In each of the layers 2/3, 4, 5 and 6 only the middle 
part was analyzed in order to rule out mixing layers during quan- 
tification. Consequently, we aimed to determine the degree of co- 
localization per cortical area and layer, rather than the absolute 
numerical neuronal density per layer. In the quantified cortical pro- 
files neurons were considered to be double-labeled if the cell body 
and/or dendritic processes revealed immunoreactivity for both types 
of receptors. Occasionally, single-labeled cell bodies but with dou- 
ble-labeled dendritic processes were encountered, or vice versa, 
probably caused by incomplete penetration of the respective anti- 
bodies. Nevertheless, as mentioned before, these cases were re- 
corded as double-labeled neurons. 

RESULTS 

Distribution pattern for M35 and WF6 
A consis tent  d is t r ibut ion  pa t t e rn  of muscar inic-  and 

n ico t in ic - immunoreac t ive  neu rons  was apparen t  for all 

animals  s tudied th roughout  all neocort ical  areas. Only  

some minor  differences were observed in l aminar  recep- 

tor d is t r ibut ion be tween  the three  cortical areas exam- 

ined. In  Figs. 1 and  2, an overview of the parietal  cor- 

tex is given for both  receptor  types, which was general ly  

identical  for all cortical areas s tudied and resembled  pre- 

vious descript ion of the muscar inic  pa t te rn  3°'47. In  brief,  

the cellular  s ta ining with M35 in the cortex revealed  a 

clear l amina r  d is t r ibut ion  (Figs. 1A, 2A).  P redominan t ly  

layers 2 -3  (Fig. 1C), and  5 (Fig. 1E) neurons  showed 

strong immunoreac t iv i ty .  In  the superficial layers,  immu-  

noposi t ive apical dendr i tes  of layer 5 pyramidal  neu rons ,  

t ravers ing layer 4, b ranched  heavily. Most  of the M35- 

immunopos i t ive  astrocytes were present  in the superfi- 

cial layers and  layer 6b, a l though some labeled astro- 

cytes were found  in o ther  layers as well. Besides the cell 

bodies and apical dendr i tes  of layer 5 pyramidal  neu-  

rons, their  basal dendr i t ic  complexes  formed a plexus of 

immunoreac t ive  processes,  e i ther  cut longi tudinal ly  or 

t ransversely (Fig. I A , E ) .  Layers  4 and  6 of the frontal /  

mo to r  cortex and  parietal  cortex on  the o ther  hand  

showed cons iderably  less i m m u n o s t a i n e d  neu rons  (Fig. 

1A). However ,  somewhat  higher  n u m b e r s  of posit ive 

neu rons  were observed in sublayer  6b of the parietal  

cortex, pos i t ioned adjacent  to the white mat te r  of the 

corpus cal losum (Fig. 2A).  In layer 6, both  mul t ipo la r  

(Fig. 2C) and  pyramidal - l ike  (Fig. 2D) neu rons  were 

found M35- immunos ta ined .  Incidenta l ly ,  M35-posi t ive 

neurons  were observed in the white mat ter .  

The dis t r ibut ion of WF6 immunoreac t iv i ty  in the fron- 

ta l /motor  and parietal  cortex resembled  that  of  the oc- 

cipital cortex as descr ibed by SchrOder and  coworkers  44. 

In  short ,  WF6 p redominan t ly  visualized cell bodies  in 

layers 2 -3  and  5 (Fig. 1B). Layer  5 neu rons  were em- 

bedded  in an immunoreac t ive  plexus of basal dendr i tes  

(Fig. 1B,F),  comparab le  to the neur i t ic  ne twork  ob- 

served for M35. In layers 4 and  6, only l imited n u m b e r s  

of immunoreac t ive  fusiform and round  cells were present  

with the except ion of layer 6b, which con ta ined  several 

rows of WF6- immunopos i t i ve  neu rons  located immedi -  

ately above the white mat te r  (Fig. 2B). Some labeled 

neurons  were found e m b e d d e d  in the white ma t t e r  as 

well ( indicated by the arrow in Fig. 2B). I m m u n o l a b e l e d  

dendr i tes  arising pr imari ly  from layer 5 pyramidal  neu-  

rons,  were found  t ravers ing the upper  cortical layers per- 

pendicu la r  to the pial surface,  and  b ranched  diagonal ly  

in the t rans i t ion  zone be tween  layers 1 and 2 (Fig. 1D). 

Taken  together ,  the above descr ibed pa t te rn  of WF6 im- 

munoreac t iv i ty  revealed a clear l amina r  d is t r ibut ion  in 

all cortical areas similar to the M35 pat tern .  

Fluorescent double-labeling Jbr M35 and WF6 

The dis t r ibut ion  pat terns  for muscar inic  and nicotinic 

acetylchol ine receptors  showed considerable  resemblance  

in l aminar  organiza t ion  and cell typing,  suggesting an 

extensive over lap for both  types of chol inocept ive  neu-  

ronal  popula t ions .  In order  to invest igate the coexistence 

of muscar inic  and  nicot inic  cholinergic receptors  in more  

detail ,  f luorescent  double - labe l ing  exper iments  were per- 

formed.  The degree of colocal izat ion was s tudied in the 

f ron ta l /motor  and parietal  cortex. 

The results ob ta ined  with f luorescence were similar to 

the D A B  results.  WF6-phycoery th r in  immunof luo rescen t  

precipi tate  was mainly  of a fine g ranu la r  appearance ,  

Fig. i. Photomicrographs of M35 (left panel) and WF6 (right panel) in the parietal cortex. A,B: low power photomicrographs through layers 
I-5 as indicated at the right of B, demonstrating identical laminar characteristics in distribution of muscarinic (A) and nicotinic (B) choli- 
noceptive neurons. Arrowheads point at immunopositive apical dendrites, traversing layer 4. C,D: numerous positive neurons of different 
cell type are present in layers 2-3. Apical dendrites arising from layer 3 and 5 pyramidal cells branch at the border of layer 1 and 2, E,F: 
high power photomicrographs of large neurons in layer 5 showing strong immunoreactivity for both receptor types. Besides massive apical 
dendrites (arrowheads), numerous basal dendrites are immunopositive. Bars in A, B = 85 um, in C, D = 45 llm and in E. F = 20 ~tm. 
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while bright F ITC immunofluorescence was detected for 

M35. In all layers of the cortical areas examined,  a high 

propor t ion  of double- labeled neurons was observed.  The 

resemblance between M35 and WF6 immunolabel ing is, 

for example,  depicted in layer 2 -3  and 5 of the frontal/  

motor  cortex (Fig. 3). Both pyramidal  and non-pyrami-  

dal neurons showed coexistence of  M35 and WF6. Be- 

sides double- labeled cell bodies,  numerous  double-  

labeled dendrit ic processes could be observed,  including 

both apical (arrowheads)  and basal dendri tes  (arrows) 

(Fig. 3A,B).  Immunoreact ive  astrocytes,  most notably 

present  in the superficial layers, were frequently ob- 

served as being single M35-positive. Only rarely through- 

out the cortical layers astrocytes were observed to be 

double- labeled (Fig. 3C,D).  This observat ion was done 

in only 2 of the 10 animals studied. 

In layer 5 of the parietal  cortex, groups of large (22 

~tm on average) pyramidal  neurons were found to con- 

tain both muscarinic and nicotinic cholinergic receptors  

(Fig. 4). Occasionally,  small (8/~m on average) neurons 

localized amidst the large pyramidal  cells were found to 

be single-labeled,  ei ther for WF6 or M35 (Fig. 4E,F;  

M35 single-labeled neurons).  Large pyramidal  neurons 

single-labeled for WF6 or  M35 were only rarely de- 

tected. As is the case in all o ther  cortical areas,  dual  im- 

munolabel ing was present  both in cell bodies and in den- 

dritic processes. Al though layers 4 and 6 contained 

relatively few immunoreact ive neurons,  a high propor-  

Fig. 2. Photomicrographs of M35 (A,C,D) and WF6 (B) in layer 6 of the parietal cortex. A,B: low power photomicrographs through layer 
6, showing multipolar and pyramidal-like cells (arrow in A, for example) and the characteristic rows of muscarinic cholinoceptive (A) and 
nicotinic cholinoceptive (B) neurons just above the corpus callosum (cc). Occasionally, immunopositive neurons were observed embedded 
within the cc (arrow in B). C: a typical example of a strong M35-immunoreactive multipolar cell in deep layer 6. In this region~ also nu- 
merous labeled astrocytes can be observed (arrow). D: high power photomicrograph of the pyramidal-like cells (arrows) found throughout 
the profile of layer 6. Bars in A, B = 125/~m, in C = 60 ~m, and in D = 50 llm. 
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Fig. 3. Colocalization of muscarinic (left panel) and nicotinic (right panel) cholinergic receptors in different layers of the frontal/motor cor- 
tex. A,B: nearly all neurons in layer 3 show immunoreactivity for both antibodies. C, D: in layer 1-2, incidentally double-labeled astrocytes 
were observed in only 2 of 10 animals. In astrocytes, the distribution of nAChRs (D) revealed a more diffuse appearance than mAChRs (C). 
E,F: clear coexistence of mAChRs (E) and nAChRs (F) was apparent in layer 5. For all photomicrographs, arrowheads point at double- 
labeled cells. Small arrows point at double-labeled dendritic processes. Bars = 10 ~m. 
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Fig. 4. Pairs of high power photomicrographs showing fluorescent double-labeling for muscarinic (left panel) and nicotinic (right panel) 
cholinergic receptors in layer 5 of the parietal cortex. Most neurons and dendrites are double-labeled (indicated by arrowheads and small 
arrows, respectively). Some single-labeled neurons are present as well (large arrows in E: F, single-labeled for mAChRs),  most often ob- 
served in small (8 um on average) neurons. Bars = 10 g+m. 



tion of these nerve cells proved to possess both types of 

cholinergic receptors. 

Degree of colocalization of M35 and WF6 
In Table I, the percentages of colocalization are pre- 

sented for the two cortical areas studied. In these corti- 
ces, the middle portions of the cortical layers were quan- 
tified. Of the 5 animals used for quantification of the 

proportion of double-labeled cholinoceptive neurons, no 
differences in degree of colocalization were observed be- 
tween left and right hemispheres. Furthermore, the per- 

centage of colocalization appeared to be constant for the 
three coronal levels studied, with only minor variation 

per cortical strip. The degree of colocalization was con- 
sistent for all cortical areas and for nearly all different 
layers examined. Therefore, the outcome per cortical 
strips of the individual animals were pooled per layer as 

well as presented in summation (Table I). 
In general, approximately only 1 out of 10 cholinocep- 

tive neurons was found to be single-labeled, either for 

muscarinic receptors (3.0% and 2.6% in frontal/motor 
and parietal cortex, respectively) or nicotinic receptors 

(7.2% and 6.3% in frontal/motor and parietal cortex, re- 
spectively). The number of WF6 single-labeled neurons 
was approximately twice the number of M35 single-la- 

beled neurons. The degree of colocalization did not 
strikingly differ for different cell types. For example, 
layer 5 of the frontal/motor cortex and parietal cortex 
contains both pyramidal and non-pyramidal neurons. In 

layer 5 of the frontal/motor cortex 3203 neurons were 
studied (Table I), of which 2850 were pyramidal neu- 
rons. From this group 2555 (89.6%) was double-labeled. 

Of the 352 studied non-pyramidal neurons, 310 (88.2%) 
were double-labeled. In layer 5 of the parietal cortex 
2108 neurons were studied (Table I), of which 1729 were 

of the pyramidal cell type. A total of 1585 (91.7%) was 

found double-labeled, whereas of the 379 studied non- 
pyramidal cells, 346 (91.2%) appeared to be double-la- 
beled. The single-labeled neurons were most frequently 
small-sized pyramidal neurons (8 ~m on average) or 
small-sized non-pyramidal neurons (approximately 10 ktm 
on average). 

DISCUSSION 

Distribution pattern for M35 and WF6 
The distribution of muscarinic and nicotinic choli- 

noceptive neurons in all cortical layers of the rat cere- 
bral cortex in this investigation appeared to be well re- 
lated to cerebral cholinergic innervation pattern, which 
is most dense in layers 2-3 and 5 of the frontal/motor 
cortex and parietal cortex 11A6'28. Furthermore, the dis- 

tribution of muscarinic cholinoceptive neurons in the 
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neocortex of the rat closely resembles that of the cat 5°. 

In the visual cortex of both species, dense staining of 

pyramidal cells and dendritic processes was observed in 
layers 2-3 and 5. Like in cat and human brain material, 
M35-immunoreactive astrocytes in rat were found amidst 
cortical cell layers 42'5°. 

With respect to WF6-immunoreactivity, our results 

closely corroborated the labeling in the occipital cortex 
described by Schr6der and coworkers 44. In the latter 

study, clear cortical lamination in WF6 immunoprecipi- 

tate and cell typing was described. In addition, the 
nAChR-localization found by Deutch and colleagues 9, 

obtained with a monoclonal antibody produced in mice 

against affinity-purified nAChR from Torpedo mar- 
morate electric organ membranes and applied to rat 
brain sections, revealed identical patterns of immunore- 

activity. Immunoreactive neurons and associated den- 
drites were found throughout the cortical mantle in a 
laminar pattern, being most pronounced in layer 5 and 
in layers 2-311 . 

Like in the rat cerebral cortex, immunostained pyra- 
midal and non-pyramidal perikarya accompanied by their 

dendritic processes were also observed in the human ce- 
rebral cortex for both M35 and WF642'43'44. The immu- 

noreactivity predominated in pyramidal neurons in lay- 

ers 5 and 3, although immunopositive non-pyramidal 
neurons in these layers were found as well. The neuro- 

pil displayed fibrillary and punctate structures, probably 
longitudinally and transversely cut dendritic ramifica- 
tions 3°'42'47. These characteristics proved to be very sim- 

ilar for mouse, golden hamster (unpublished data), rat, 
cat and human. 

Fluorescent double-labeling for M35 and WF6 and degree 
of colocalization 

The coexpression of mAChRs and nAChRs was ap- 
parent in all cortical regions. In the cortical areas stud- 

ied, an overall percentage of double-labeled neurons of 
approximately 90% was observed. Moreover, this per- 

centage appeared to be valid throughout the entire cor- 
tical mantle (data not shown). Of the single-labeled cells, 
slightly higher numbers of neurons were found to be ex- 
clusively nicotinic cholinoceptive as compared to musca- 
rinic cholinoceptivity. 

A near total overlap of muscarinic- and nicotinic im- 

munoreactivity in certain parts of the cerebral cortex is 
not exceptional in itself. In a previous study, we de- 
scribed a near 100% codistribution of both cholinergic 
receptor markers in the suprachiasmatic nucleus and ad- 
jacent region of the rat hypothalamus 49. By contrast, in 
a study of cholinergic receptors in the embryonic chick 
retina, mAChRs and nAChRs occurred essentially on 
different classes of neurons, showing tissue-dependent 
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cholinergic receptor characteristics ~7. Electrophysiologi- 
cal studies on rat cerebral cortex do not reveal unam- 

biguous data on coexistence of mAChRs  and nAChRs  
within individual cholinoceptive neurons. Detecting both 

muscarinic and nicotinic responses after iontophoreti- 
cally applied ACh is hampered by the experimental con- 
ditions needed for recording the nicotinic receptor-in- 
duced responses 51. Therefore, the recent findings may be 

considered as valuable information for the understand- 

ing of cholinergic neurotransmission in the neocortex. 

Nearly all astrocytes bearing cholinergic receptors ap- 
peared to be single-labeled for M35. Only in brain sec- 
tions of two of the 10 animals studied, occasionally dou- 

ble-labeled astrocytes could be found. The presence of 
both mAChRs  and nAChRs  on astroglia, besides several 
other neurotransmitter receptors and second messenger 
systems, is well documented x5"35. Nevertheless, their role 

in these non-innervated cells is still a matter of specula- 

tion, but may well play a role in transmitter uptake from 

extracellular space. 
WF6/M35 colocalization has recently been performed 

on human cortex material by SchrOder and coworkers 43' 

55 In these studies, identical types of neurons as de- 
scribed in the present study were found to express both 
classes of cholinergic receptors. However,  different per- 

centages of colocalization as compared to the rat were 
obtained, implying differences between species. SchrO- 

der et al. described double-labeled cholinoceptive neu- 
rons comprising 30% of the cholinoceptive cell group, 
while 60% and 10% appeared to be single-labeled for 

M35 and WF6, respectively. In their investigation, how- 

ever, the authors assumed that for technical reasons the 
amount of colocalization was slightly underestimated. 

Binding sites recognized by M35 and WF6 

Currently, the exact epitopes on the cholinergic recep- 

tors recognized by M35 and WF6 are unknown, but M35 
most likely recognizes a conformational determinant only 
present on the active receptor 3'4. whereas the binding 

site of WF6 is on the same nicotinic cholinergic subsite 
as (but differs from) the a-bungarotoxin binding site 8'52. 

Nevertheless, the present results clearly show that most 
cholinoceptive cells, visualized under the physiological 
and biochemical conditions that result from mild tran- 

scardial fixation of the receptor proteins, contain bind- 

ing sites for both M35 and WF6 and should be consid- 
ered as both muscarinic- and nicotinic cholinoceptive. 

Functional consequences o f  cholinergic receptor colocal- 

ization 

Our findings demonstrate a high incidence of colocal- 
ization of mAChRs  and nAChRs  within cholinoceptive 

cortical neurons. Muscarinic and nicotinic cholinergic re- 
ceptors contribute in different ways to the excitability of 
the cholinoceptive neurons 25"34~36"37"45. However,  differ- 

ent studies demonstrated that both receptor classes in- 
teract and contribute to learning and memory  22"z3"24"3s 

46. For example, Messing and coworkers 32 showed that 

both muscarinic and nicotinic agonists stimulate in an 
additive way rapid translocation of protein kinase C 
(PKC), a key molecule in learning and memory pro- 
cesses 1. Preliminary data on PKC/M35-colocalization in 

rat neocortex, as currently studied in our lab, revealed a 
high coincidence of mAChRs  with PKC in several cor- 
tical cell types 4s. By way of PKC stimulation, partly 

through the action of ACh on nAChRs  and mAChRs  in 
the cortex, the cholinoceptive neuronal cell group in the 

cortex may be an important substrate for memory pro- 
cessing and storage. A likely site of interaction is within 
individual cholinoceptive neurons, since both cholinergic 

receptor types are highly colocalized. 
In Alzheimer's disease (AD),  memory impairment has 

been related to a loss and/or shrinkage of cholinergic 

neurons in the basal forebrain, depleting the cerebral 
cortex from its cholinergic input 14'33'53. As a consequence 

to the presynaptic depletion, the cholinergic neurotrans- 
mission upon cholinoceptive neurons will be diminished. 

The widely accepted pharmacological model of Scopola- 
mine-induced cognitive impairment as a model for AD 
limits itself to mAChRs.  However.  ACh as the endoge- 

nous transmitter will act on both receptor types. Since 
this study demonstrates that the muscarinic and nicotinic 

cholinergic receptors are present in the same cholinocep- 
tive target cells, a more complete restoring of the corti- 
cal cholinoceptive cell function in learning and memory 
processes will require drug administration for both re- 

ceptor subclasses. 
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