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Abstract-The intracellular horseradish peroxidase technique was employed to study the morphology 
of basal forebrain neurons that were identity as cortically proj~ting by antidromic invasion from the 
cerebral cortex. Four neurons were examined in detail; they were located at different rostrocaudal levels 
within the basal forebrain. Their somata were large, 30-50pm in longest dimension, and gave rise to 
three to eight primary dendrites, which ramified into third- to fifth-order dendrites, The longest observed 
dendrite in each neuron terminated at a distance of 400-9OOpm from the soma. The sizes of soma and 
dendritic field of the two most rostrally located cells were smaller than those of the other two cells located 
more caudally. Dendritic spines were seen in all four cortically projecting basal forebrain neurons. Spines 
had shafts of variable lengths, and usually had spherical or elongated heads. The density of spines varied 
among the four neurons; one neuron, a type II cortically projecting basal forebrain neuron as defined 
physiologically by Reiner et al., 37 had a much greater number of dendritic spines than the other three 
neurons, which were type I neurons. No somatic spines were observed. Presumptive axons were identified 
in three of the four cortically projecting basal forebrain neurons. These axons originated from either the 
soma or a primary dendrite, and two of them gave off local collaterals, which displayed occasional 
bouton-like swellings. 

The above observations confirm and extend previous findings that cortically projecting neurons in the 
basal forebrain are large multipolar cells, and provide evidence to support the conclusion that these cells, 
although somewhat variable in size, generally have extensive dendrites which display frequent spines. 

Immunohistochemical studies using antibodies di- 
rected to choline a~tyltransferase (ChAT), a specific 
marker for acetylcholine, have shown that the basal 
forebrain contains a group of large cholinergic cells 
in a variety of species (see refs 49 and 51 for reviews). 
These cells are distributed in a column extending 
from the medial septum caudally to the vertical and 
horizontal limbs of the diagonal band of Broca, 
ventral pallidurn, and ventromedial globus pallidus 
or the nucleus basal&_ 13JOJ129JI~4O~4J 92 

These basal forebrain cholinergic cells project topo- 
graphically to the cerebral cortex. This projection was 
o~~nally hy~thes~~ by Shute and Lewis4’ in 1967 
on the basis of acetylcholinesterase staining, and has 
been confirmed more recently by using tract-tracing 
techniques’*‘7,‘9,24,2$,36,39,53 combined with either ChAT 
immunohistochemistry30~‘8~~~5s~56 or acetylcholinester- 
ase histochemistry,2T’2326 or by examining cortical 
ChAT activity levels2B”4 or acetylcholinesterase stain- 
ing2) following basal forebrain lesions. 

Morpholo~~al observations have been made on 
ChAT-immunoreactive’5’3+~@ or acetylcholinesterase- 
containing basal forebrain neurons’6.26,33*40 as well as 
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Abbreviations: CPBF neuron, cortically projecting basal 
forebrain neuron; ChAT, choline acetyltransferase; 
HRP, horseradish peroxidase. 

neurons double-labelled for retrograde markers from 
the cerebral cortex and either ChAT3**50*56 or acetyl- 
cholinesterase.‘2*26 However, the morphology re- 
vealed in these studies was limited to the soma and 
proximal dendrites. Golgi-stained material has pro- 
vided more extensive morphology, revealing parts of 
distal dendrites as well. Q* However, these cells were 
unidentified in terms of their projections. 

The intracellular horseradish peroxidase (HRP) 
technique permits the morphological analysis of 
individual neurons at a level of detail comparable 
to the Golgi technique, and, of course, the funda- 
mental advantage of the intra~eilular HRP technique 
is that it allows physiological properties to be cor- 
related with morphology. 4~22 In the present study, this 
technique was used to examine the mo~hology of 
physiologically identified and characterized CPBF 
neurons. Preliminary observations have been pub- 
lished in abstract form” 

EXPERIMENTAL PROCEDURES 

Details of the experimenal procedures regarding animal 
preparation and recording are described elsewhere.” Briefly, 
recordings were made in 36 chloral-hydrate-anesthetized 
rats with micronioettes filled with 4-5% HRP in 0.05 M Tris 
buffer containing’0.2-0.25 M KC1 (final pH adjusted to 8.5), 
using a high-input impedance electrometer. Direct current 
resistance of these electrodes was 4060MR. Cortical 
stimulation for antidromic activation was delivered through 
bipolar electrodes implanted in the frontal cortex, rostra] 
cinguiate cortex, and caudal cingulate cortex. 
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Following antidromic identification (for criteria. SCE 
Reiner el a/.“) and physiological characterization, cells in 
the basal forebrain were penetrated intra~ellular~y, usually 
using S-msec oscillation pulses. When good penetration was 
obtained, as confirmed by a sudden drop of membrane 
potentiai and an increase in action potential size, HRP was 
iontophoresed intra~iiuiarly by applying +?-nA, 250- msec 
pulses at 2 Hz for 60-8Osec. Antidromic activation was 
monitored continuously at 1-2 Hz throughout and, when 
possible, following HRP iontophoresis. 

One to 6 hr following intracellular HRP iontonhoresis. 
rats were injected with heparin (I 250 units, i.v.), and over- 
dosed with chioral hydrate. Transcardiac perfusion was 
initiated with cold phosphate-buffered saline (about 50 ml) 
followed by 30&4OOml fixative containing 3% paraform- 
aidehyde and I % giutaraldehyde in 0.1 M sodium phos- 
phate buffer (pH 7.4). Following perfusion, the brain was 
removed and postfixed in the same fixative for 2 hr at 4YZ, 
and then placed in 15% sucrose in 0.1 M phosphate buffer 
at 4°C overnight. The tissue was blocked and cut into 
iOO+m coronal sections on a freezing microtome. Histo- 
chemical reaction, using diaminobenzidine as a chromagen 
with cobalt intensification, was performed as described 
elsewhere4) for light microscopy, except that, in the present 
study, the concentrations of cobalt chloride and hydrogen 
peroxide were 0.1 and 0.0016%, respectively. FolIowing the 
histochemicai reaction, some sections were counterstained 
with Cresyi Vioiet. 

Camera iucida drawings of sections containing HRP- 
iabelied neurons were made with a drawing tube attached to 
a microscope at the magnification of x400. Each HRP- 
iabelled neuron was reconstructed by s~~~mposing these 
camera iucida drawings. Some end sections which couid not 
be uneq~v~~ly related to adjacent sections were excluded 
from the final r~onstru~tions. However. some unconnected 
iabefled processes were included if a majority of the labeiled 
processes in the same section could be clearly connected 
with iabeiled elements in the adjacent section. 

Measurements of somai size were made on camera lucida 
drawings. Dorsoventrai and medioiateral extents of the 
dendritic field were measured in straight lines from the 
composite camera lucida drawings of the entire neuron. 
Rostrocaudal extent of each HRP-labelled neuron was 
estimated from the number of iOO-pm sections containing 
its dendrites. No correction was made for tissue shrinkage. 

Dendritic arborization of labeiied cells was analysed 
according to ShollM as adopted by Shaw and 3aker.45 First, 
the mediolateral and dorsoventral position of the soma was 
marked on each individual unreconstructed camera lucida 
drawing of an HRP-iabelled neuron, and concentric circles 
spaced IOO-pm apart were drawn. In the drawing containing 
the soma of the labelled neuron, the number of dendrites 
intersected by a circle of 100-pm radius centering the soma 
was counted and the number represented the number of 
dendrites intersected by an approximate sphere of iOO+m 
radius. In order to obtain an estimate of the number of 
dendrites intersected by an approximate sphere of 200-pm 
radius, the number of intersected dendrites was counted for 
a circle of 200-hrn radius in the section with the ceii body. 
To this number was added the number of dendrites inter- 
sected by a circle of IOO-pm radius on the camera iucida 
drawings of (100~pm) sections immediately above and 
below the section containing the soma. The sum was then 
taken as the number of dendrites intersected by an approx- 
imate sphere of 200-pm radius. This iterative procedure was 
continued as far as dendrites could be foiiowed. The 
presumptive axons and their collaterals were excluded from 
this analysis. The criteria for identification of an axon were: 
(1) reiaticely constant width, and (2) smooth surface without 
obvious protuberances. 

The distribution of spines as a function of radial distance 
from the soma was anaiysed similarly, by using the same set 
of concentric circles drawn on camera lucida drawings. 

individual spines were counted in the microscope XI the 
magnification of x400. The number of spines counted 
between the soma and the radius of 100 pm was assigned to 
the sphere of I#-pm radius, etc. 

To examine spine density as a function of radial distance 
from the soma. an index was obtained by dividing the spine 
count by the number of dendrites intersected. While this 
“spine density” index does not represent the absolute spine 
density. it indicates the concentration of spines as a function 
of distance from the soma which is approximately normal- 
ized in terms of the number of dendrites. 

RESULTS 

A total of 39 cortically projecting basal forebrain 
(CPBF) neurons were studied physiologically using 
HRP-filled electrodes; 20 of the 39 were successfully 
penetrated and HRP was iontopharesed intra- 
cellularly. Of the 20 CPBF neurons, eight were 
recovered, and four of the eight were sufficiently 
labelled to permit detailed morphologkal analysis. 
Upon penetration, the membrane potential dropped 
by 10-30 mV; intracellular action potentials were 
1&20mV in size. The four cells were recovered in 
four different rats and will be referred to as cells I, 
2, 3 and 4. Each neuron was recovered over S-10 
sections and reconstructed from 5 to 7 sections (Figs 
l-4). Mo~holog~cal features of the four neurons are 
summarize in Table 1, along with their physiological 
properties [their physioIo~ca1 data are included with 
the data in the companion paper (Reiner et ai.37) and, 
in part. presented in Fig. 2 (cell 2) and Fig. 4 (cell 4) 
of that paper]. 

Location 

Cell 1 was located at the border between the globus 
pallidus and internal capsule, within the area &ten 
called the magnoceflular basal nucieusz-26*~ (Fig. 5A). 
Cell 2 was found slightly more rostraily, in the ventral 
forebrain at the level of the supraoptic nucleus, i.e. 
in the area often called the magnocellular predptic 
area4o,48 (Fig. 5B). Both cell 3 (Fig. 5C) and cell 4 
(Fig. 5D) were located within the same general region 
as cell 2, but further rostrally at the level of the 
decussation of the anterior commissure, in the area 
alternately termed the magmxelluiar pr&p’tic 
areaW14* or the horizontal limb of the diagonal 
band.29.‘5 

Somata 

Both cell 1 (Figs 1, 6A) and ceil 2 (Fig. 2) had 
elongated triangular somata, 52 and 42pm in 
longest dimension, respectively. Cell 3 had a smalkr, 
L-shaped soma, 33 pm in longest ~~~si~n (Fig. 3), 
whereas ceil 4 had an ova1 soma, 33 pm in kmgest 
dimension (Fig. 4). 

The CPBF neurons had 3-g primary &adri$s, 
which left the soma mostly at its angular po&ons. 
Primary dendrites were l-2 pm in width, and disfally 
ramified into the third- to the fiftk&er de&&W. 
Dendrites usually became thinner as they bmncbtd; 
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Figs l-4. Four HRP-labelled cortically projecting neurons in the basal forebrain (cells l-4) are shown 
in Figs I-4. Cells I-4 were reconstructed from camera lucida drawing of 7,7,5 and 6 consecutive lot)-,um 
sections, respectively. Some unconnected neuronal labelled elements are included in the reconstructions 
because a majority of labelled segments in the same section could be connected to adjacent camera lucida 
drawings. The smaller arrows indicate the presumptive axons (the axon could not be identified in cell 3, 
shown in Fig. 3), and arrowheads indicate branches of the presumptive axons. The portions of the neurons 
indicated by the larger arrows are shown in micrographs in the figures of the numbers accompanied by 
the arrows. The anatomical locations of the somata of these neurons are shown in Fig. 5. D, dorsal; V, 

ventral; M, medial; L, lateral. 
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Fig. 5, Locations of the somata of four cortically projecting basal forebrain neurons lab&d intracellularly 
with HRP. (A) cell I, (B} ceil 2, (C) c&l 3, (D) cell 4. In each panel, a composite camera lucida drawing 
that is reduce4 to the Koenig rn~ifi~tion is suborns on a drawing of the s&ion ~n~ning 
the soma of the same a%. Note that each of the composites was b@ed on several consecutive sections, 
and oniy a portion of the neuronal segments in the composite drawing actually appcad in the section 
containing the soma. As a result, in (B) some distal dendrites appear to extend beyond the ventral 
boundaries of the brain. These dendrites did not in fact extend beyond the pial surface (Fig. 7A), but 
appear so in (6) because the level of ventral surface of the brain changes through serial sections. The scale 
bar shown in (D) applies to all panels. AC, anterior commissure; CP, caudate putamen; F, fornix; GP; 
globus pallidus; HDB, horizontal limb of the nucleus of the diagonal band; IC, internal capsule; MPA, 

magnocellular preoptic area; SM, stria medullaris; SO, supraoptic nucleus; VP, ventral pallidurn. 
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however, dendritic width was relatively constant be- 
tween branching points. Although most dendrites 
had parallel linear envelopes, there were some den- 
drites or dendritic segments which appeared either 
beaded or extremely curly. 

The pattern of dendritic branching was analysed 
numerically by employing the Shall analysis (Fig. 
8A). Of the four cells, cell 2 displayed the highest 
degree of dendritic branching, with five primary 
dendrites branching into 14 dendrites within 300 pm 
from the soma. Further distally, the number of 
dendrites gradually decreased. In cells 3 and 4, the 
peak of dendritic branching was less prominent, and 
also occurred more proximally, within 200 pm from 
the soma. Cells 3 and 4 had eight and three primary 
dendrites, respectively, which ramified into 11 and six, 
dendrites. Cell 1 had five primary dendrites, and the 
number of dendrites fluctuated between five and nine 
within the region up to 6OOpm from the soma; 
further distally, the number of dendrites decreased 
gradually. 

Size qf dendritic field 

The extent of dendritic field in each cell, as indexed 
by the straight line length of the longest observed 
dendrite, was obtained by using the same concentric 
circles as those for the Shall analysis. This length was 
903, 797, 642 and 610 pm, respectively, for ceils I, 2, 
3 and 4, and was correlated with the ceil’s somal size 
(r = 0.997, df = 2. P < 0.005). 

Dorsoventral, mediolateral, and rostrocaudal ex- 
tents of the dendritic field ranged 415--10%495--830 
and 500-900 pm, respectively (Table 1). Although the 
shape of dendritic field varied among the four neur- 
ons (see below), the “volume” of dendritic fieid 
(estimated by multiplying the lengths of 3 extents) 
was roughly correlated with the radial distance of the 
longest observed dendrite as revealed by the Shall 
analysis; the “volume” was about twice as great in 
cells 1 and 2 as in cells 3 and 4. 

Shape of dendritic field 

The’ shape of the dendritic field was different 
among CPBF neurons. In cell 1, located at the g@us 
pallidus-intemal capsule border, the dcadriti field 
was elongated dorsoventrafly (Fig. I). Ventral to the 
soma, the dendritic ffotd was extremdy skewed in the 
ventrolateml dirkction, i.e. towards the center of the 
globus pallidus. Although the cell was eqentialty 
muItipolar, some of the de&&es whkh I& the soma 
on the side of the intsxnal cap&e turacsLt towards, 
and e -1 
array t&side 
oft~~b~~~.~~t~~~~ 
fewer dendrites, wl$tS wik ako S&X&X t&an tti in 
the ventral port&S, 2i ~~~., fk&. In both 
ventrabkand dorsal p&ions of the Wd, 
some dehdrites coursed tag the i@@na$ capsule. 
The dendrites ektcring the globus’ adds often 

passed through small fiber bundles in this area. and 
some of these dendrites displayed spines. 

Cell 2, located more rostraliy and also more 
ventrally in the basal forebrain (Fig. 5B), displayed 
more or less radially oriented dendrites, except that 
dorsally oriented dendrites were generally shorter 
than those oriented ventrally (Fig. 2). Some of the 
ventra~ly oriented dendrites appeared to reach the 
ventral surface of the brain (Fig. 7A). The dendritic 
field of cell 3 was also more-or-less radially oriented 
(Fig. 3), whereas that of cell 4 was somewhat flat- 
tened in the medioventral to dorsolateral orientation 
(Fig. 4). 

Spines 

Dendritic spines were seen in all the four CPBF 
neurons. Spine morphology varied considerably; 
spines had short or long shafts, typically with spher- 
ical or oval, but sometimes angular heads of variable 
size (Fig. 6B, D). In one instance, a Y-shaped shaft 
was seen with one head on each arm (Fig. 6C). In 
addition, dendritic appendages which appeared like 
spines without heads were occasionally seen, par- 
ticularly in cell 1 (Fig. 6E). These appendages were 
included in the spine counts described below. No 
somatic spines were seen. 

The number of spines seen in each neuron varied. 
Cell 2 displayed by far the greatest number of spines 
(783) whereas cell I had only 177, despite its com- 
parable dendritic field size. In cells 3 and 4, which had 
smaller dendritic fields, the spine counts were 186 and 
110. 

The pattern of spine distribution in each neurorq 
was nurne~~iIy analysed by using the same approx- 
imate concentric spheres as those used for the Boll 
analysis of dendritic branching (Fig. 8B). in ge.neral, 
spines were infrequent within 100 pm from the soma. 
Distally, spine counts increased and peaked between 
200 and 600 ~1 m from the soma among the four celfs. 

The pattern of “spine density”, an index of relative 
spine density which is normalized for the number of 
dendtrites, was different among the four neurons 
(Fig. 8C). Cell 2 displayed a generally higher “spine 
density” than the other three neurons. Furtkrmore, 
in cell 2 there was a trend of linear increase in “spine 
density” towards the periphery of the dendritic field. 
A similar trend was seen in cell I as well, although the 
overall “spine density” was much lower than that of 
cell 2. In cell 3, the “spine density” peaked between 
200 and 300 pm from the soma, whereas in cel1 4, 
“spine density” rem&n& at m$#e or less the same 
level throughout its dendritie Wd. 

Axons 

Except for in c&t 3, pre5umptive axons could be 
ideati%d, originating from c&M tke ~a%%#& as in c&i 
4 (Fig. 41, or a proximai dendrite, as hi c&l 2 {Fig* 
2). In cell 1, the p~um~ve axon arose from a 
transitiona zone from the soma $0 a p&Wry &&rite 
(Figs 1, 6A). The axons co&d be f&owed ilp to 



Fig. 6. >Micrographs of the portions of cells 1-Q indicated by larger arrows in Figs l-4. Orientations are 
as in Figs 1-4 unless otherwise noted. (A) Tbe soma and proximal parts of cell I. The presumptive axon 
is indicated by an arrow. Note the smooth appearance of a proximal dendrite (arrowhead); a more distal 
portion of the same dendrite is shown in E. Scale bar: 50 brn. (B) A dendrite and spines of cell 2. Scale 
bar: 10pm. (C) A Y-shaped dendritic spine seen in cell 3. The arrow indicates the branching point of 
the Y. scale bar: IO pm. (D) A dendrite and dendritic spines of cell 4. Note the variety seen in the length 
of shaft and the size of head. The micrograph is oriented so that the proximal portion of the dendrite 
is at the lower right comer. Scale bar: 10pm. (E) A dista! part of the dendrite of cell 1 indicated by 

arrowhead in A. Note occasional appendages, which do not have distal heads. Scale bar: 10 pm. 
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Fig. 7. Micrographs of the portions of cells 1 and 2 indicated by larger arrows in Figs 1 and 2. Orientations 
are as in Figs I-4. (A) A dendrite of cell 2 in close vicinity of the ventral surface of the brain. The distal 
end of this dendrite in this micrograph was seen in an adjacent section to extend further for some distance 
along the ventral surface. This section was 100 pm in thickness, and one of the two surfaces of the section 
is in focus in this micrograph, the other surface is unfocused, thus appearing as a grey band in parallel 
with the section surface this is in focus. The section was counterstained with Cresyl Violet. Scale bar: 
100,um. (B) Axon branches of cell I. Note the smooth appearance of the axon branches. The labelled 
process running horizontally is a dendrite. Scale bar: 50 pm. (C) Axon branches of cell 2 displaying 
occasional bouton-like swellings. The portion indicated by the arrow is shown at a higher magni~cation 
in (D). The thick labelled process on the left is a segment of dendrite. Scale bar: SOpm. (D) Examples 

of bouton-like swellings seen in (C). Scale bar IOnm. 
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Fig. 8. Analyses of dendritic branching [Sholl analysis, (A)], 
dendritic spine distribution (B), and “spine density” (C) as 
a function of radial distance from the soma in cell 1 
(O----O), cell 2 (O---O), cell 3 (H-m), and ccl1 4 
(O---O). P on the abscissa in A indicates the number of 
primary dendrites. See Experimental Procedures for detailed 

procedures for each analysis. 

about 500 pm from the soma (Figs 1,2, and 4). In cell 
1 (Figs 1, 7B) and cell 2 (Figs 2, 7C, 7D), some axon 
collaterals were seen within the dendritic field of the 
parent cell. Some of these collaterals displayed occa- 
sional varicosities, suggestive of boutons en passant 
(Fig. 7C, D). In cell 4 in the horizontal limb, the axon 
could be seen to make multiple turns, at about 90” at 
one point, until it disappeared as it coursed dorsally 
(Fig. 4). No collaterals were seen arising from this 
axon. 

DlSCUSSION 

Technical considerations 

As has been discussed previously,4,22 the intra- 
cellular HRP technique is a powerful method for 
revealing the morphology of individual neurons, 
although it is not without problems. One of them is 
sampling bias towards a population of larger neur- 
ons. This happens because larger cells are easier to 
penetrate and hold, thus increasing the chance of 
obtaining better labelling. Therefore it is possible that 
the CPBF neurons in the present study were among 
the larger in the entire population of CPBF neurons. 

A few cautions should be stated with regard to the 
final reconstructions of these neurons. First, although 
the morphology of reconstructed neurons was 
extensive, this should not be regarded as the entire 
morphology of these neurons, because: (1) some 
labelled neuronal elements, particularly some of 
those at the end of serial sections, were not included 
in the final reconstruction because they could not be 
unambiguously connected with those in previous 
sections, and (2) it is possible that some portions of 
these neurons (e.g. distal portions of dendrites) were 
not filled well with HRP. 

The second caution regarding the reconstruction 
concerns tissue shrinkage, which affects both shape 
and dimensions of reconstructed neurons. Measure- 
ments reported in the present study were not cor- 
rected for tissue shrinkage; therefore these should be 
taken as underestimates. The effects of dehydration 
and clearing on the morphology of intracellularly 
labelled neurons have been examined recently by 
Grace and Llinbs.” One of their obserations was that 
neuronal elements containing HRP-diaminoben- 
zidine reaction product do not shrink as much as 
surrounding unlabelled neurons, and this difference 
in the degree of shrinkage can distort morphology. 
Consistent with this observation, in the present 
material HRP-labelled cells usually appeared much 
larger than Nissl-stained cells found in the surround- 
ing tissue, and dendrites often showed bends and 
curls. 

Morphological characteristics of cortically projecting 
basal forebrain neurons 

Although the sample size is limited, the morph- 
ology of four CPBF neurons intracellularly labelled 
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in the present study is consistent with the previous 
observations using retrograde transport of 
HRp7.'2.'4.".24.26,38.39.50 or fluorescent tracers.SS.56 in 

that cortically projecting neurons in the basal fore- 
brain are large multipolar neurons. In addition, the 
examination of intracellularly labelled CPBF neurons 
indicated that all four neurons have extensive den- 
dritic fields. and display frequent dendritic spines. 
In spite of these common characteristics, however, 
some degree of heterogeneity was also present among 
the four CPBF neurons as discussed below. These 
morphological differences may be related to the 
physiological heterogeneity observed among CPBF 
neurons.‘a~2Sn~37 

The intracellularly labelled cells were located at 
different rostrocaudal levels in the basal forebrain, 
within the regions variably termed as the horizontal 
limb of the diagonal band, magnocellular preoptic 
area, and magnocellular basal nucleus.2,26.‘r(‘*48 These 
locations are consistent with previous anatomical 
findings in the rat on the ~st~bution of cortically 
projecting neurons in the basal forebrain on the basis 
of retrograde ~~~~~~~g7~12~l4~l9~24~26~38~39~~0~~5~56 as we11 as 

with the distribution of ChAT-immunoreactive’“.29.40 
and acetylcholinesterase-containing neurons in the 
basal forebrain of the rat.‘0.‘6.26.33.W In the basal 
forebrain, ChAT-immunoreactive cells have been 
shown to contain acetylcholinesterase as well.8.3’,40 
Although the transmitter used by the four CPBF 
neurons in the present study is unknown, previous 
anatomical studies indicated that al12.55 or many3*,M.S6 
of CPBF neurons are choiinergic. 

The size of soma was large; 3&50 ym in longest 
dimension in the four CPBF neurons. These sizes 
are slightly larger than those reported for basal fore- 
brain neurons labelled for ChAT (20-35 flm),‘.5.‘3.40 
or acetylcholinesterase (20-45 ~rn).*~.~ Although the 
sample size is limited, it is tempting to propose the 
following two explanations. One is that it is due to 
the sampling bias towards the population of larger 
cells, which is inherent in the intracellular HRP 
technique (see above). A second explanation is that 
HRP-labelled cells probably shrunk less during de- 
hydration and clearing than did ChAT-positive cells. 
This is possible because the HRP~iamino~n~dine 
reaction product, the presence of which protects 
neuronal elements from shrinkage’r (see above), is 
usually denser in cells Iabelled intracellularly with 
HRP than in cells immunolabelled for the presence of 
an antigen such as ChAT. 

The somal size was slightly different among the 
four CPBF neurons at different rostrocaudal levels. 
That is, the two neurons (cells 3 and 4) located 
rostrally at the level of the anterior commissure 
decussation had smaller somata (28 and 33 firn) than 
those (42 and 52 pm) of the other two (cells 1 and 2), 
which were located caudally, at the level of the 
supraoptic nucleus. This is consistent with previous 
observations that ChAT-containing cells in the hori- 
zontal limb of the diagonal band tend to be smaller 

than those in the ventral pallidum and globus pallidus 
(1540 vs 2WS Adm).Z6.40 It is, however. also possible 
that this tendency does not reflect absolute differences 
in size, but, rather, the orientation of the soma and 
the plane of transection (in the present study. all the 
sections were cut coronally). 

Examination of the dendritic arborization of 
CPBF neurons indicated that, although there were 
differences in the pattern of dendritic branching as 
well as in the size and orientation of dendritic field, 
all these neurons were multipolar cells with large 
dendritic fields. Their dendrites, tapering as they 
branched, extended from 600 to 9OOpm in straight 
line length from the soma. The size of the dendritic 
field was positively correlated with the size of the 
soma in the four neurons. 

The course of dendrites observed with cell 1 in the 
present study merits some discussion in light of 
observations made by Das and Kreutzberg6 on Golgi- 
stained interstitial cells around the globus pallidus in 
rabbit and guinea pig. These authors suggested that 
these interstitial cells correspond to the cells which 
stain intensely for acetylcholinesterase, are cholin- 
ergic, and have cortical projections. However, 
according to their observations, the dendrites of these 
cells were confined within the internal capsule. In 
contrast, cell I, located at the globus pallidus- 
internal capsule border, had some dendrites in the 
internal capsule, but many others in the globus 
pallidus. The discrepancy may be due to the different 
techniques used; for example, morphology obtained 
with the Golgi technique is usually more limited than 
that with the intracellular HRP technique, and the 
Golgi technique requires the use of premature ani- 
mals for the best results and the morphology of their 
neurons may be different from that in adults. 

The significance of dendritic branching patterns of 
CPBF neurons revealed by the Sholl analysis in the 
present study may be better appreciated by compar- 
ing the present results with the Sholl analysis of facial 
motoneurons intracellularly labelled with HRP in the 
cat (see Fig. 7 of Shaw and Baker4’). Obviously the 
facial motoneurons are much larger; somal sizes are 
37-65 pm in diameter, and the lengths of longest 
dendrites range from 800 to 1200 pm. At the peak of 
dendritic branching, which occurs around 4OOpm 
from the soma, the number of intersected dendrites 
ranges from 19 to 28. An additional notable obser- 
vation is that the facial motoneurons do not display 
spines. These morphological differences most likely 
reflect functional differences between CPBF neurons 
and facial motoneurons. 

All of the intracellularly labelled CPBF neurons 
displayed dendritic spines, although their density 
varied. The presence of dendritic spines has been 
reported with Golgi-stained cells in the lateral 
preoptic area by Millhouse. However. Das and 
Kreutzberg,$ using the Golgi technique, observed 
that the interstitial cells around the globus path&is 
had relatively few spines. The presence of dendritic 
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spines has been reported in the basal nucleus in 
studies using electron mi~ro~opy.14~‘*~s2 

Among the four labelled neurons, cell 2 displayed 
by far the greatest number of dendritic spines. An 
advantage of the intracellular HRP technique is that 
it affords the possibility of correlating physiological 
and morphological features. Physiological character- 
ization prior to intracellular HRP iontophoresis 
indicated that cell 2 was a type II CPBF neuron as 
defined in a companion paper:’ whereas the other 
three were type I CPBF neurons. Although the 
sample size is limited, it is interesting that the two 
physiologically defined subtypes of CPBF neuron 
display a morphological difference, with type II 
CPBF neurons having more spines than do type I 
CPBF neurons. It is, however, at present not clear 
how the higher spine density in type II CPBF neurons 
is reiated to their physiological features including 
the apparent loss of the somatodend~tic portion of 
the antidromic action potential with high frequency 
stimulation and longer antidromic latencies. 

Although not seen in all the CPBF neurons labelled 
with HRP, the presence of local axon collaterals 
displaying bouton-like swellings in some of these 
neurons suggests that the output of basal forebrain 
projection neurons may be directed locally as well as 
to distant sites. Local postsynaptic neurons may 
include interneurons or other CPBF neurons. Similar 
local collaterals have also been seen in neurons in the 
nucleus of the diagonal band following local injection 
of an anterograde tracer, Phaseolus vulgaris leuco- 
agglutinin.3 

The morphology of cell 1; located at the globus 
pallidus-internal capsule border, appears similar to 
that of globus pallidus neurons intra~llularly 
labelled with HRP by Park et al.” in terms of large 
somal sizes and relatively unbranching, extensive 
dendrites. However, the similarity may be limited to 
that at the light microscopic level. Ingham et a1.14 
examined the morphology of neurons in the medial 
globus pallidus and ventral pallidum that were 
double-labelled by retrograde HRP tracing from the 
cerebral cortex and ChAT immunohistochemistry. 
These double-la~lled neurons had large somata and 
multiple dendrites which were relatively unbranched 
and smooth, the characteristics that are consistent 
with cell 1 in the present study as well as intra- 
cellularly labelled globus pallidus cells described by 
Park et a1.34 When examined at the electron micro- 
scopic level, however, the double-labelled cells were 
found to receive relatively few synaptic contacts on 
the soma as well as on proximal dendrites, whereas 
globus pallidus neurons that were neither HRP- 
nor ChAT-positive were ensheathed by a layer of 
axonal terminals, consistent with electron micro- 

scopic observations of HRP-injected globus pallidus 
~el1.s.~ It is evident that neurons with similar light- 
microscopic features can display very different 
synaptic connectives. 

Although the synaptic connectivity of CPBF 
neurons labelled intracellularly with HRP remains 
to be examined, the observation by Ingham et ~1.‘~ 
that cholinergic basal forebrain neurons projecting 
to the cortex receive relatively few synaptic contacts 
to the soma and proximal dendrites is im~rtant in 
understanding the significance of the morphology we 
observed in our HRP-labelled CPBF neurons. Sparse 
synaptic contacts to the soma and proximal dendrites 
have also been reported with unidentified basal 
forebrain neurons” and basal forebrain neurons 
retrogradely labelled from the cortex.” In contrast, 
frequent synaptic contacts have been seen on distal 
dendrites and spines of unidentified basal forebrain 
neurons.18 Presumed corticofugal fibers have also 
been reported to contact distal dendrites more fre- 
quently than soma or proximal dendrites of cortically 
projecting neurons in the basal forebrain.27 ChAT- 
containing basal forebrain neurons have been shown 
to receive synaptic contacts from amygdalofugal 
axons on dendrite$’ and from substance-P-contain- 
ing boutons on the soma and dendrites:‘” In combi- 
nation with these observations, the present finding 
of the extensive dendritic field and the presence of 
dendritic spines (especially distally) suggest that the 
major synaptic input to CPBF neurons may be 
received at distal dendrites and spines. 

CONCLUSlON 

We have described the morphology of CPBF 
neurons intra~llularly iabelled with HRP following 
physiolo~cal identifi~tion and characte~~tions. 
Major morphological characteristics include large 
(30-SOpm) somal size, multiple (3-8) primary 
dendrites, extensive dendritic fields, and frequent 
dendritic spines. With these features in common, 
however, some variabilities were also seen among 
different CPBF neurons, which may be related to the 
physiological heterogeneity observed among CPBF 
neurons. The observation of large dendritic fields and 
frequent dendritic spines, in combination with pre- 
vious findings on the synaptic connectivity of basal 
forebrain neurons, suggests that the major synaptic 
input to CPBF neurons may be delivered to their 
distal dendrites and spines. 
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