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Abstract The basal forebrain (BF) contains cholinergic

as well as different types of non-cholinergic corticopetal

neurons and interneurons, including neuropeptide Y (NPY)

containing cells. BF corticopetal neurons constitute an

extrathalamic route to the cortex and their activity is

associated with an increase in cortical release of the neu-

rotransmitter acetylcholine, concomitant with low voltage

fast cortical EEG activity. It has been shown in previous

studies (Duque et al. in J Neurophysiol 84:1627–1635,

2000) that in anesthetized rats BF cholinergic neurons fire

mostly during low voltage fast cortical EEG epochs, while

increased NPY neuronal firing is accompanied by cortical

slow waves. In this paper, electrophysiologically and

neurochemically characterized cholinergic and NPY-con-

taining neurons were 3D reconstructed from serial sections

and morphometrically analyzed. Cholinergic and NPY-

containing neurons, although having roughly the same

dendritic surface areas and lengths, were found to differ in

dendritic thickness and branching structure. They also have

distinct patterns of dendritic endings. The subtle differ-

ences in dendritic arborization pattern may have an impact

on how synaptic integration takes place in these function-

ally distinct neuronal populations. Cholinergic neurons

exhibited cortically projecting axons and extensive local

axon collaterals. Elaborate local axonal arbors confined to

the BF also originated from NPY-containing neurons. The

presence of local axon collaterals in both cholinergic and

NPY neurons indicates that the BF is not a mere conduit for

various brainstem inputs to the cortex, but a site where

substantial local processing must take place.

Keywords Dendritic morphometry � Three-dimensional

reconstruction � Axon collaterals � Rat

Introduction

The basal forebrain (BF) consists of a heterogeneous group

of telencephalic structures including the septum, the ver-

tical (VDB) and horizontal limbs (HDB) of the diagonal

band of Broca, the substantia innominata (SI) and the

ventral pallidum. This brain area is of wide clinical interest

because some of its cell populations have been found to be

severely affected in a number of neurological maladies

such as Alzheimer’s disease, Parkinson’s disease and

schizophrenia (Davies and Maloney 1976; Whitehouse

et al. 1982; Bartus et al. 1986; Heimer et al. 1991; Geula

and Mesulam 1994; Sarter and Parikh 2005).

Neurons in the rat BF areas are heterogeneous in

terms of neurochemical content, electrophysiology, and

morphology. Neurochemically two major groups are usu-

ally distinguished, cholinergic and non-cholinergic. The
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non-cholinergic neurons are mainly GABAergic and have

been shown to contain various calcium-binding proteins,

including parvalbumin, calbindin and calretinin and vari-

ous neuropeptides, including substance P, neuropeptide Y

(NPY), somatostatin, enkephalin, neurotensin and galanin

(Walker et al. 1989a, b; Pang et al. 1998; Zaborszky et al.

1999; Gritti et al. 2003). A considerable proportion of

neurons (approx. 5–30%) is believed to be glutamatergic

(Gritti et al. 2003; Hur and Zaborszky 2005). Less than 1%

of the BF neurons have been reported to co-localize GABA

and choline acetyltransferase (ChAT), the enzyme that

synthesizes acetylcholine (Brashear et al. 1986; Fisher and

Levine 1989).

In terms of electrophysiology, various behavioral states

are associated with different cortical electroencephalo-

graphic (EEG) patterns. In anesthetized rats, BF neurons

that have a higher firing rate during low voltage fast

electrical EEG states are termed F cells, and cells whose

firing rate increases during high amplitude, slow cortical

EEG activity are termed S cells (Detari and Vanderwolf

1987; Dringenberg and Vanderwolf 1998). However, it is

important to note that there is great diversity among F and

S cells in terms of conduction velocity, spontaneous and

evoked neural activity and correlation between EEG and

unit activities, indicating that F and S cells are far from

being homogeneous cell populations (Detari 2000). In

addition, there are some BF neurons whose activities are

unrelated to EEG cortical changes (Nunez 1996).

Morphologically, most cholinergic cells are large and

multipolar with extensive dendritic fields. Non-cholinergic

neurons vary extensively in soma shape, and dendritic and

axonal characteristics. Of the several neurochemically

distinct non-cholinergic populations the NPY neurons were

selected to be compared morphologically to the cholinergic

neurons because they not only have a very different neu-

rochemical make-up but also represent cell types with

clearly different electrophysiological properties: choliner-

gic cells are ‘‘F’’ type; NPY-neurons are ‘‘S’’ type (Duque

et al. 2000). Similar to the ChAT cells, parvalbumin po-

sitive, putatively GABAergic neurons are also classified as

‘‘F’’ cells (Duque et al. 2000; Duque and Zaborszky 2006).

Acetylcholine and NPY have both been implicated in

Alzheimer’s disease therefore making BF cholinergic and

NPY-containing neurons very attractive cellular popula-

tions for investigation and morphological analysis. BF

cholinergic neurons have been implicated in a number of

important cognitive processes such as learning, memory,

attention and arousal and it has been hypothesized that

dysfunction of the cholinergic neurons is responsible for

the cognitive deficits associated with the aforementioned

illnesses (Heimer et al. 1991; Voytko et al. 1994; Sarter

and Bruno 1999). NPY is among the most abundant neu-

ropeptides in mammalian brain (Allen et al. 1983; Chron-

wall et al. 1985; de Quidt and Emson 1986a, b) and it has

been shown that NPY levels in the CSF are significantly

reduced in Alzheimer’s dementia (Edvinsson et al. 1993;

Minthon et al. 1996). NPY neurons have been detected in

BF areas where several NPY receptor subtypes are abun-

dantly expressed (Wolak et al. 2003; Zaborszky and Duque

2003). NPY local injection into the BF resulted in a sig-

nificant increase in relative delta power of the EEG and a

decrease in theta, alpha and beta frequency bands (Toth

et al. 2005).

Because of their distinct neurochemical make up, their

opposite spontaneous activity in reference to cortical

activity, and because morphology can affect cellular

properties and function, we were interested in investigating

if there are morphometric differences between cholinergic

and NPY-containing BF neurons. In particular, since

computational studies suggest that dendritic morphology

can robustly affect neuronal electrophysiological properties

(Carnevale et al. 1997; Schaefer et al. 2003), we studied

dendritic numerical and topological features.

Materials and methods

Experimental animals

Male Sprague Dawley rats (n = 92; 250–350 g; Zivic

Miller Laboratories, Inc, Portersville, PA) were housed two

to a cage and allowed food and water ad libitum. All

procedures described here were carried out in strict

accordance with guidelines set forth in the PHS manual

‘‘Guide for the Care and Use of Laboratory Animals’’,

conform to NIH guidelines and were approved by the

Rutgers University Institutional Review Board. The elec-

trophysiological and neurochemical identification of the

neurons presented here has been previously published

(Duque et al. 2000) hence, these aspects are only briefly

mentioned here.

Anesthetics, surgical procedures and recordings

Rats were anesthetized with urethane (1.2 g/kg i.p. sup-

plemented as necessary) and placed in a stereotaxic appa-

ratus, skull adjusted to have lambda and bregma on the same

horizontal plane. All wound margins and points of contact

between the animal and the stereotaxic apparatus were

infiltrated with lidocaine solution (2%) and xylocaine

ointment (5%), respectively. Body temperature was kept at

37�C with an electric heating pad. The scalp and overlying

fascia were reflected from the skull and small burr holes

were drilled, in both hemispheres, over the pre-frontal/

frontal cortex for EEG recordings. Simultaneous cortical

EEG and single cell extracellular recordings from different
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BF areas including the HDB, the SI or the ventral globus

pallidus, were obtained. Following extracellular recordings,

neurons were juxtacellularly labeled with 5% biocytin as

described elsewhere (Pinault 1996; Pang et al. 1998; Duque

et al. 2000; Duque and Zaborszky 2006). In 51 rats two cells

were labeled, one cell per hemisphere. In 37 rats a single cell

was labeled. In one case we had three cells in one hemi-

sphere and one in the other hemisphere and in two cases we

had one cell in one hemisphere and two in the other. Finally

we had one case in which only two cells were labeled and

they were in the same hemisphere. In all cases in which

more than one cell was labeled in one hemisphere all the

cells were F type and all were more than 800 l apart in the

rostrocaudal axis. Every neuron presented in this paper was

the sole neuron juxtacellularly labeled in a hemisphere.

Perfusion, tissue processing and immunocytochemistry

At the completion of the experiment, rats were deeply

anesthetized with urethane and perfused with 150–200 ml

saline followed by 200 ml of 4% paraformaldehyde, 15%

picric acid and 0.5% glutaraldehyde and then by 200 ml of

the same fixative without glutaraldehyde. Brains were left

overnight in the second fixative. Coronal 50 lm sections

were cut through the forebrain with a Vibratome�1000

Classic (Warner Instruments, Hamden, CT). For visuali-

zation of juxtacellularly labeled single cells, sections were

incubated overnight in avidin conjugated lissamine rhoda-

mine (LR) (1:500; Jackson ImmunoResearch Labs, West

Grove, PA). Biocytin filled neurons were identified with a

Zeiss Axioplan microscope equipped with epifluorescence

setup. If a cell was electrophysiologically identified as F

type, the section containing its soma was tested for the

presence of ChAT. On the other hand, if it was S type, the

section containing its soma was tested for NPY. For ChAT

a monoclonal rat anti-ChAT antibody was used (1:10;

2 days at 4�C; Boehringer Mannheim, Germany). For NPY

a rabbit polyclonal antibody was used (Rabbit anti-NPY;

1:500; 2 days at 4�C; Peninsula Laboratories, Inc, Bel-

mont, CA). Visualization of ChAT or NPY was done with a

secondary antibody conjugated to fluorescein isothiocya-

nate [FITC conjugated goat anti rat/rabbit; 1:100; 4 h at

room temperature (RT); Jackson ImmunoResearch Labs,

West Grove, PA]. Finally, all the sections containing a

biocytin-stained cell were developed using 3,-3¢-diam-

inobenzidine tetrahydrochloride (DAB) as a chromogen

intensified with nickel (Ni) with a modification of the

protocol described by Horikawa and Armstrong (1988).

Sections were first incubated in biotinylated peroxidase

(1:200, ‘‘B’’ component of the standard Avidin–Biotin

Peroxidase complex (ABC) kit, Vector Laboratories Inc,

Burlingame, CA) for 2 h at RT and then for 20 min in

0.05% DAB with 0.038% nickel ammonium sulfate. H2O2

was added to the DAB/nickel solution to a final concen-

tration of 0.01%, and the tissue was agitated for another

10 min. After Ni–DAB developing of series of sections

containing single juxtacellularly labeled identified NPY or

cholinergic neurons those sections were immunostained

against ChAT using the same procedure as for single cell

visualization but the series of sections were developed

using DAB as chromogen. Triton was omitted from the

incubation solutions.

After being reacted with the second DAB, sections were

thoroughly rinsed in PB and osmicated in a solution con-

taining 1% osmium tetroxide (Electron Microscopy Sci-

ences, Fort Washington, PA) in phosphate buffered saline

(PBS), for approximately 30–40 min. The tissue was

dehydrated in an ascending series of ethanol (30–50–70–

90–100%). Contrasting was done by treating the tissue with

1% uranyl acetate (Electron Microscopy Sciences, Fort

Washington, PA) in 70% ethanol, for 30 min. Afterwards,

the tissue was dehydrated with 1% propylene oxide

(Electron Microscopy Sciences, Fort Washington, PA).

Finally, the sections were infiltrated in durcupan (Fluka

Chemie AG, Buchs, Switzerland) overnight and then flat

embedded between liquid release agent-coated (Electron

Microscopy Sciences, Fort Washington, PA) microscope

glass slides and coverslips. Embedding for electron

microscopy enhances the optical quality of the tissue, al-

lows very clear morphological reconstruction of the single

juxtacellularly labeled cell at the light microscopic level

and will permit future EM studies of the material.

Data acquisition

Biocytin-stained neurons were reconstructed using Neu-

rolucida� (Microbrightfield Inc, Williston, VT) interfaced

to a Zeiss Axioplan microscope. Selected single labeled

neurons were reconstructed from 50 lm serial sections.

Bulk labeling of ChAT neurons (light brown, DAB

developed) in the vicinity of single juxtacellularly labeled

ChAT or NPY neurons (pitch black, Ni–DAB developed)

did not interfere in any way with our ability to visualize

and morphologically reconstruct single cells. The number

of sections containing individual neurons varied from 22 to

140. Outlines of the sections, contours of structures and

fiducial markers were drawn with a 5· Plan-NEOFLUAR

objective lens. Somata, dendritic and axonal branches were

traced with a 100·, oil immersion ACHROPLAN objective

lens. For serial reconstructions each section was aligned to

a common reference, e.g., the lowest midline point of the

corpus callosum. Additional alignment was applied using

the 2–4 point matching function of the Neurolucida�

software. Shrinkage corrections were applied using Neu-

rolucida�. Morphometric data were extracted using the

Neurolucida� companion software, NeuroExplorer (Mi-
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crobrightfield Inc, Williston, VT) and the freely available

program L-Measure (Scorcioni and Ascoli 2001; http://

www.krasnow.gmu.edu/L-Neuron).

NeuroExplorer formulae and definitions

Soma perimeter and area were taken at their maximum by

plotting the soma surrounding at the focus level at which it

appeared to be the largest.

Tree: branched structures such as dendrites are orga-

nized in a form known as a tree. A tree consists of all

dendritic processes originating from the same dendritic

stem that is connected to the soma. The starting point of a

tree is called stem or root. Segments or branches are the

parts of the tree that connect endings (terminations) or

nodes.

Dendrogram is a stylized drawing of a branched struc-

ture, e.g., axon or dendrite. For dendrograms the origin of

the tree in the dendrogram is plotted at the left and different

branch orders extend to the right. Dendrograms such as

those shown in Figs. 4 and 7 clearly demonstrate the

number of trees that originate from the soma and their

branching pattern.

Branch order. We used the centripedal (also known as

centrifugal) ordering system in our analysis because this

ordering system is particularly good at providing infor-

mation about both topological distance and amount of

branching in a tree. Order was defined in such a way that

the proximal segment of an unbranched dendrite is order 1

(primary dendrite or dendritic stem). The daughter bran-

ches split off the order 1 branch at a point called a node

and they are of order 2, and that way successively to the

end of a structure. Alternate branch order schemes are

compared in a supplementary figure.

Dendritic length. The actual lengths of the different

branches were measured, and the total length (from the

start of the process to each ending) and the length of each

segment per dendritic order were calculated. The length

from any point to any other point can be obtained and the

program calculates length using vector summations in 3D.

Total dendritic length was defined as the sum of the length

values for all the branches of each order belonging to each

process and the mean length was then the total length di-

vided by quantity, where quantity is the number of bran-

ches belonging to each process at each branch order.

Surface area and volume. The start and end point of

each line segment has a radius value determined by the size

of the circular inset of the cross-hair cursor used when

tracing. The surface area of each line segment was com-

puted using these radii values and the length of each line

segment in the mathematical formulae for the surface area

of a shape known as a right frustrum. For instance, if R1 is

the radius at the start of a line segment and R2 is the radius

at the end of the line segment and L is the length of line

segment. Then, the lateral surface area (LSA) and the

volume (V) of the right frustrum are defined as:

LSA ¼ p R1 þ R2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR1 � R2Þ2 þ L2

q

V ¼ 1

3
pLðR2

1 þ R1R2 þ R2
2Þ

The planar angle was defined as the angle between a

daughter branch and the parent branch. This angle is

computed using rays drawn from the beginning of a branch

to its node or ending. This angle is computed in the plane

defined by the two rays and its value can extend from 0 to

180 degrees, with 0 degrees indicating the branch is a

straight-line continuation of its parent.

Definitions used from L-measure

Power ratio is the sum of the two daughter diameters

elevated to 1.5 divided by the parent diameter elevated to

1.5. The value, computed over all bifurcating branches,

would be one for ideal electrotonic structures (Rall’s power

formula).

Bifurcation angle is the angle between the two daughters

of a bifurcation, calculated based on their first tracing

points.

Daughter diameter ratio is the ratio between the initial

diameters of the two daughters of a bifurcation.

Partition (topological) asymmetry is the absolute dif-

ference between the numbers of terminals of the two sub-

trees of a bifurcation, divided by the number of terminals

of the parent minus two. This value is zero for perfectly

symmetric topological trees, and one for perfectly asym-

metric ones.

Taper rate is defined as the difference between the

branch ending and starting diameter, divided by the starting

diameter, and is calculated separately for bifurcating and

terminating branches.

Branch contraction measures the tortuosity or meander

of the branches, defined as the ratio between the Euclidian

and the path distances between the starting and ending

points of each branch. Branch length and diameter are

calculated separately for bifurcating and terminating

branches.

Statistics, documentation

Statistical analyses were performed in Microsoft� Excel

(1998 edition) or in Origin 6.0 (Microcal Software, Inc,

Northampton, MA). Morphometric data were statistically

characterized using neuron-, tree- or branch-based analysis.

When appropriate, group measures were compared using

non-parametric testing (Mann–Whitney) or ANOVA and
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Bonferroni corrected as appropriate. Significance was de-

clared at P < 0.05. Digital photographs were taken with an

Olympus BX60F epifluorescence microscope equipped

with a DCS-420 digital camera or with a Zeiss Axioskop

epifluorescence microscope equipped with an AxioCam.

The contrast of digital images was enhanced with Adobe�

PhotoShop.

Results

From 151 biocytin filled neurons that were also electro-

physiologically identified, 35 neurons were immunotested

of which six were positive for ChAT and four were positive

for NPY. Positive dual immunolabeling was only accepted

in cases in which the biocytin-filled neuron was clearly and

without doubt immunopositive for ChAT or NPY, and

other immunopositive neurons in the neighborhood showed

the known pattern of distribution. Three cells from each

category were selected for morphometric analysis based on

the quality of the material and the completeness of the

staining. All cholinergic cells were electrophysiologically

classified as F type and all NPY neurons as S type. For a

complete electrophysiological description see Duque et al.

(2000).

3D reconstruction of cholinergic neurons: general

characteristics

Figures 1, 2, 3 illustrate projected images of 3D recon-

structions of two cholinergic neurons and Fig. 4 displays

the dendrograms of three selected cholinergic neurons.

Figure 1a illustrates the stacked images projected in frontal

plane of the reconstructed cholinergic neuron 062R. This

neuron was located in the ventral part of the SI. Its cell

body measured 19.9 · 17.3 lm (longest and shortest

diameter) and had a surface area of 248.4 lm2. The two

primary dendrites (13 and 16 lm; see Fig. 4) each divide

into two secondary branches of unequal length (18/54 lm;

8.5/43 lm). The secondary branches divide into short and

long tertiary branches (51/143; 75/200 lm), which further

divide into long fourth and fifth order branches. Higher

order divisions gave rise to further unequal branches that

are shorter than the tertiary or quaternary branches. While

the primary and secondary branches are smooth, higher

order branches are varicose. Spine-like appendages can be

seen on some of the distal dendrites.

Figure 1d shows the same cholinergic neuron, rotated in

space in order to best illustrate the trajectory of its main

axon. The thick axon emerges from the dorso-lateral aspect

of the cell body and bifurcates within 20 lm from it (filled

arrowhead in Fig. 1). The main axon shaft gives rise to

several thin axon collaterals. It first travels laterally and

then returns to the level of the cell body to then continue

towards the septum. The other branch also gives rise to a

few thin axon collaterals and continues to the piriform

cortex. An additional thin axon emerging from a more

medial location of the cell body (open arrowhead in Fig. 1)

gives rise to a massive network of axon collaterals occu-

pying mostly a medial position from the cell body. The

axon collateral network was visible only with the 100·
objective and was clearly studded with many varicosities.

In Fig. 1d only four representative hemicoronal sections

are shown from 140 sections through which the neuron was

traced. Figure 2 illustrates the two main axonal branches of

the same neuron giving rise to terminal fields in the rostral

part of the piriform cortex, mostly in layer 2 although some

boutons are also seen in layer 3 (Fig. 2a), and in the medial

septum (Fig. 2b), respectively. Although many varicosities

can be observed in the terminal fields (panels 2A1¢, 2A2¢
2B1¢), varicosities were not seen en route to these terminal

fields (panel 2C¢).
Figure 3 shows the reconstruction of cholinergic neuron

116R, located in the ventral part of the SI. The cell body

measured 25.4 · 17.1 lm and had a surface area of

287.0 lm2. This neuron had four primary dendrites, and

their secondary and tertiary branches are somewhat longer

than in the case of cholinergic neuron 062R, resulting in a

larger total dendritic length (Fig. 4). Also, there seem to be

fewer varicosities along the dendrites. The axon emanated

from the dorsal aspect of the cell body and was traced for

2 mm in the dorsal direction. Along the way several col-

laterals were issued that terminated in and around the

dendritic arbor of this neuron. Cholinergic neuron 004R

(Fig. 4c) was localized within the fibers of the internal

capsule adjacent to the ventral part of the globus pallidus.

Its soma measured 39.2 · 17.2 lm and had a surface area

of 379.5 lm2. It had three primary dendrites that divided in

the usual short–long fashion, but altogether the neuron had

fewer long secondary dendrites than the other two cholin-

ergic neurons. On the other hand, there were more higher

order small branches. Interestingly, the dendrites of this

neuron stretch the longest up to 800 lm. Its local axonal

arbor was obscured by fibers of the internal capsule; nev-

ertheless the total length of local axon collaterals measured

an astonishing 4.2 mm. For comparison of the dendritic

arborizations of these three neurons, Fig. 4 depicts the

dendrograms next to the schematic drawings of the corre-

sponding neuron.

The three cholinergic neurons analyzed had a total of

nine dendritic trees with an average total dendritic length

per cell of 4,183 ± 620 lm and an average total dendritic

surface area per cell of 12,809 ± 1,748 lm2. Cholinergic

neurons had an average of 37 ± 12 dendritic nodes and

41 ± 12 dendritic endings and occupied an average volume
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of 3,753 ± 504 lm3 per cell. Overall, dendritic endings

had a tendency to terminate with a varicosity or bulge al-

though sometimes from the varicose ending a short thin

filopodium emanates.

As described, cholinergic axons gave rise to several

collaterals bearing very fine en passant varicosities within a

0.2–0.3 mm3 volume around the cell body. Although it was

not possible to trace every single piece of axon due to lack

of staining or other technical difficulties, the total lengths

of cholinergic axon collaterals reconstructed were

3,260 lm (neuron 116R), 4,252 lm (neuron 004R) and

27,482 lm (neuron 062R).

3D reconstruction of NPY neurons: general

characteristics

Figure 5a shows the reconstruction of NPY neuron 059R.

This cell was located in the HDB. Its soma diameter

measured 15.4 · 12.3 lm and it had a surface area of

D

V

LM

EEG 2 mV 

unit

5 s 

2.5 s 

TP
EEG 2 mV 

unit

50 µ m

2 mm 

A

B

C

D

Fig. 1 a Neurolucida reconstruction of juxtacellularly labeled basal

forebrain cholinergic neuron 062R. In this and all subsequent figures

unless otherwise stated, the soma and dendrites are shown in black
and the axon is shown in red. The distal main projection axon (filled
arrowhead) was removed for better visualization of the extensive

local axon collaterals (open arrow-heads). Abbreviations for topo-

graphical cross for this and all subsequent figures: L, lateral; M,

medial; V, ventral; D, dorsal. b Concomitant unit and cortical EEG,

spontaneous and tail pinch (TP) induced activity, demonstrating this

cell is ‘‘F’’ type. See full electrophysiological analysis and

neurochemical identification of all ChAT neurons presented here in

Duque et al. (2000). c Some illustrative coronal section outlines

(approximately 70 out of 140 serial sections) used in the reconstruc-

tion of this neuron. The removal of outlines is necessary to facilitate

visualization of the neuron. d Schematic drawing showing this neuron

slightly rotated in space to facilitate visualization of two axonal

branches traveling rostrally. One of the branches travels medialwards

and ends at the level of the septum. The other branch travels laterally

and ends at the level of the rostral piriform cortex. For simplification

only four hemicoronal outlines are shown. For illustration the axon

terminals have been collapsed onto the corresponding representative

hemicoronal outlines
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129.8 lm2. This neuron had five primary dendrites, four

of which divided into ten relatively long dendrites (200–

500 lm) that had several short side branches. The den-

drites were somewhat wavy and moderately spiny. This

neuron had a sizable local axon collateral arbor with 615

irregularly spaced small bouton-like varicosities that

distributed mostly lateroventral to the position of the

soma.

Figure 6a shows the reconstruction of NPY neuron

134R. The cell body measured 34.1 · 16.7 lm and had a

surface area 307 lm2. In this neuron, in addition to local

collaterals, we found a thick projection axon that divided

into two main branches one of which was lost from sight in

the dorsal thalamus; the other branch was traced to near the

stria terminalis at the edge of the lateral ventricle. Fig-

ure 6c shows this NPY neuron slightly rotated in space

allowing a better angle that facilitates visualization of its

projection axon. This neuron had five, relatively long pri-

mary dendrites (up to 300 lm) that divided into secondary

and tertiary dendrites of various lengths. The primary and

secondary dendrites were smooth with occasional spines.

Most of the tertiary dendrites terminated in complex end-

ings, often consisting of more than ten small spiny

branchlets.

A1
A2

A B

A1'

A2'

B1'

C'

C

B1

2.0  mm 

25.0 µ m

Fig. 2 Detailed view of cholinergic neuron 062R axon terminal field.

a Details of the terminal field at the level of the rostral piriform

cortex. For illustration some of the axon terminals in the area (up to

the dashed line) have been collapsed into a single hemicoronal

section. The arrows pointing out of the hemicoronal section indicate a

magnified version of the axon. Boxes A1 and A2 enclosed axon areas

that are again magnified at the lower left of the figure (A1¢ and A2¢).
At this final level of magnification boutons are visible. b Details of

the terminal field at the level of the medial septum. Here also the

terminal field is not from a single coronal section but rather from

several coronal sections collapsed into one for illustrative purposes.

The axon in box B1 is magnified to the right of the figure so that

boutons are visible (B1¢). c illustrates axon en route to the rostral

piriform cortex, hence it is continues with that shown in a. The

magnification of the axon enclosed in c, shown immediately up and to

the right of the box, indicates the absence of boutons (C¢). Two

millimeters scale bar applies to the hemicoronal sections shown in a
and b. Twenty-five micrometers scale bar applies to the larger

magnifications of the axon (A1¢, A2¢, B1¢, C¢)
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Figure 7 depicts the dendrograms next to the schematic

drawing of the corresponding NPY-containing neurons.

These three neurons had a total of 13 primary dendrites and

two short (25–30 lm long) dendritic-like appendages

emanating from the soma. The average total dendritic

length per cell was 5,328 ± 2,285 lm and the average total

dendritic surface area per cell was 14,468 ± 10,495 lm2.

NPY neurons had an average of 106 ± 93 dendritic nodes,

125 ± 112 dendritic endings and occupied an average

volume of 4,061 ± 4183 lm3.

Overall, dendritic endings had a tendency to terminate

with a thin filopodial structure. However, it was noticed

that most of the ventral sided dendritic terminals of NPY

neuron 134R had racemose appendages, that is, twig-like

branched dendritic appendages that contain varicosities,

spines and some bulbous tips.

The axons of the NPY neurons also gave rise to several

collaterals and although it was not possible to trace every

single piece of axon due to lack of staining or technical

difficulties, the total lengths of the axon collaterals from

the NPY-containing neurons reconstructed were 1,796 lm

(neuron 090R), 13,040 lm (neuron 059R) and 15,431 lm

(neuron 134R).

Analysis of dendritic trees in cholinergic versus

NPY-containing neurons

Table 1 lists and panels a–c in Fig. 8 display size- and

topology related dendritic parameters. Panels d–f in Fig. 8

illustrate distribution morphometrics.

Dendritic thickness and length

There is no statistical difference in tree length

(LChAT = 1,458 ± 596 mm; LNPY = 1,294 ± 606 mm; P >

0.5, 2-tailed t test) or stem diameter (DChAT = 2.39 ±

1.57 mm; DNPY = 2.01 ± 1.07 mm; P > 0.5) between the

two groups (Table 1). Figure 8a illustrates that there is a

difference in the mean dendritic diameter or thickness per

branch order between the two populations. Across all

dendritic orders, the mean diameter of the cholinergic
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Fig. 3 a Neurolucida

reconstruction of juxtacellularly

labeled basal forebrain

cholinergic neuron 116R. Not

all the axonal arbor is shown.

The gray profile indicated by

the arrow represents another

cholinergic neuron in close

proximity to the reconstructed

neuron’s axon. Inset (b)

indicates the location of this

neuron in the ventral substantia

innominata. CA3, hippocampus;

f, fornix; ic, internal capsule;

mfb, medial forebrain bundle
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dendrites is 0.967 ± 0.523 lm (n = 232 dendritic seg-

ments) while that of the NPY dendrites is 0.829 ±

0.381 lm (n = 691 dendritic segments). The difference

between these means is statistically significant

(P < 0.0001, 2-tailed Mann–Whitney test). If higher order

branches are disregarded with the argument that they may

simply be the result of small branchlets that should not be

consider dendrites on their own right, and only the average

diameter of primary, secondary, tertiary and quaternary

dendrites was analyzed, the difference in average dendritic

thickness is still statistically significant (n = 212 dendritic

branches, P < 0.0001, 2-tailed Mann–Whitney test; see

Table 1). Figure 8c shows the analysis of terminal and

internal dendritic branch lengths in cholinergic and NPY

neurons. Both terminal and internal branches are signifi-

cantly longer in cholinergic than in NPY neurons. In

addition, terminal branches are significantly shorter than

internal branches in NPY (but not cholinergic) neurons (all

P values are 2-tailed t tests).

Topology-related parameters

The number of dendritic orders was vastly different be-

tween the two chemically distinct neuronal populations as

shown in Fig. 8a, b which indicates that while cholinergic

dendrites run up to order 14, NPY dendrites run up to order

27. This simply means that NPY dendrites branch much

more than cholinergic ones. This results from the fact that

many small dendritic branchlets come out of main dendritic

shafts especially towards the end field of dendrites (see

dendrograms). These branchlets are morphologically dis-

tinct from spines and are in general longer than 5 l. Hence,

overall, the amount of branching of the NPY neurons

roughly doubles the amount of branching of cholinergic

neurons, and the main difference in branching is found

towards the ends of dendrites. Dendrites of NPY positive

neurons branch more than cholinergic dendrites at every

order. This difference was statistically significant

(P < 0.05, 2-tailed Mann–Whitney test). This indicates that

even in the case of the most proximal dendrites, NPY

dendritic trees branch more than cholinergic trees. This is

not surprising since we noticed that at the root (soma) it-

self, the three cholinergic cells had nine primary dendrites

and the three NPY neurons had 13 primary dendrites and

two short (25–30 lm long) dendritic-like appendages.

Analysis of the planar angle of the branching dendrites,

per dendritic order indicated that across all orders the

mean branching angle of cholinergic dendrites was

100.0 200.0 300.0 400.0 500.0 600.0

100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0

100.0 200.0 300.0 400.0 500.0

A

B

C

µ m

µ m

µ m

062R

116R

004R

Fig. 4 Dendrograms of three

cholinergic neurons. Neurons

(not to scale) are shown on the

right and the corresponding

dendrograms on the left. The

different dendrites in each

neuron have been drawn in a

different color, which

corresponds to the branch color

in the dendrogram. Somata are

black and axons are red.

a Cholinergic neuron 062R,

b cholinergic neuron 116R.

c Cholinergic neuron 004R.

Note that as compared to

Fig. 1a, the distal portion of the

projection axon of the

cholinergic cell 062R is

included
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56.5 ± 14.0 degrees while the average branching angle of

NPY dendrites was 61.62 ± 7.69 degrees, this difference

was not statistically significant. Similarly, there was no

difference in the local bifurcation angle between the two

daughter branches of a bifurcation. There was no difference

in the measure of branch tortuosity between cholinergic

and NPY neurons; however, NPY neurons show signifi-

cantly larger topological (partition) asymmetry than cho-

linergic neurons. In the taper rate a substantial difference

was found between bifurcating and terminating branches,

but not between cholinergic and NPY neurons (Table 1).

Distribution morphometrics were obtained by looking at

the distributions of scalar morphometrics as a function of

dendritic path distance from the cell body. The distribution

of membrane surface as a function of the distance from the

soma along the dendritic path is illustrated in Fig. 8d.

Accordingly, the distribution of surface area is concen-

trated closer to the soma in cholinergic than in NPY neu-

rons. Figure 8e shows that if each of the six neurons were

‘‘scaled’’ to the same size, the dendritic surface area would

have very similar distribution along the dendritic path in

both ChAT and NPY neurons, thus the shift of the curve for

NPY neurons in Fig. 8d reflects simple scaling rather than

difference in the intrinsic structure of the dendrites.

The relationship between total dendritic tree length and

stem diameter (the start diameter of the primary dendrite)

in cholinergic (n = 9 trees, black symbols and lines) and

NPY (n = 13 trees, red symbols and lines) neurons was

also investigated as illustrated in Fig. 8f. A strong linear

correlation is observed between the two measures in both

groups (RChAT = 7.2, RNPY = 7.6). However, the linear

relationship between length and diameter has different

characteristics in the two cell groups (the intercept is twice

as big in cholinergic vs. NPY neurons). For example, an

NPY tree with a stem of 4 lm is expected to be 250%

longer than an NPY tree with a stem of 1 lm. In contrast, a

ChAT tree with a 4 lm stem would only be expected to be

less than 50% longer than a ChAT tree with a 1 lm stem.

Discussion

The main findings of this study are: (1) cholinergic and

NPY-containing BF neurons have roughly the same den-

dritic surface areas and lengths but differ in dendritic

branching, dendritic thickness and pattern of dendritic

endings; (2) both cholinergic and NPY-containing neurons

emit local axon collaterals.

Technical considerations

Juxtacellular labeling, neuron reconstruction. The six

neurons morphologically analyzed in detail for this study

were all juxtacellularly labeled and reconstructed by the
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Fig. 5 a Neurolucida

reconstruction of juxtacellularly

labeled basal forebrain NPY

positive neuron 059R. Green
profiles are cholinergic neurons

in close proximity to NPY

axons. Inset shows possible

contact site between NPY axon

and cholinergic dendrite. b
Concomitant unit and cortical

EEG spontaneous and tail pinch

(TP) induced activity

demonstrating this cell is ‘‘S’’

type. See full

electrophysiological analysis

and neurochemical

identification of all NPY

neurons presented here in

Duque et al. (2000). c
Hemicoronal section indicating

the position of this neuron in the

horizontal limb of the diagonal

band of Broca. f, fornix; GP,

globus pallidus; sm, stria

medullaris
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same person using the same Neurolucida� system. Except

for different immunoreagents, all material was essentially

treated in the same way. Thus, the detected morphological

variability between NPY and cholinergic neurons is more

likely to reflect true differences instead of treatment or

operator artifacts. This is important in view of the fact that

significant morphometric differences have been found be-

tween reconstructions of the same material by two different

operators using the same system (Jaeger 2001) and even by

the same person when using two different reconstruction

systems (Kaspirzhny et al. 2002). In a quantitative study of

hippocampal pyramidal cells statistically significant dif-

ferences were not only found between anatomical classes

(CA3 vs. CA1 pyramidal cells), but also in the same

morphological class when neurons were reconstructed in

different laboratories (Scorcioni et al. 2004). Although

juxtacellular labeling can produce ‘‘Golgi like’’ staining

(Pinault 1994), the recording and labeling technique has

some limitations, most importantly, that the quality of the

fill depends on the length of time the cell is entrained for

and might not be as complete as the filling with intracel-

lular techniques if the cell is not labeled long enough.

However, this is a limiting factor that affects mostly, in our

experience, axonal labeling but does not affect in any

significant way the high quality dendritic labeling that was

required for this study.

Branch ordering. The high numbers for dendritic orders

may appear artificial but they are a direct consequence of

the centrifugal (or centripedal) ordering scheme that was

chosen precisely because of its ability to detect amount of

branching (see Supplementary Fig. 1). According to this

method the program counts the distance from the root in

terms of the segments traversed. Any missing portion of the

tree does not result in incorrect numbering of known seg-

ments. The method is independent of the distribution of

branches (whether or not a tree is balanced) and provides

general topological parameters. The centripete (retrograde

maximal ordering, diameter or Horsfield order), terminal
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Fig. 6 a Neurolucida

reconstruction of juxtacellularly

labeled basal forebrain NPY

positive neuron 134R. Not all of

the axonal arbor is seen here

since the main projection axon

was removed for better

visualization of the local axon

collaterals. Notice that most of

the dendritic endings are very

complex. b Illustrative coronal

sections from the serial

reconstruction of this neuron.

Several outlines have been

either removed or made thinner

to allow visualization of the

neuron. The projection axon

was artificially made thicker for

easier viewing. c View of this

neuron slightly rotated in space

showing the axon traveling

dorsally, rostrally and then

caudally
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distance (retrograde minimal ordering) and Strahler

ordering methods begin labeling at the terminals and work

the ordering towards the root. For our interests the Strahler

system has the drawback of not counting a topological

distance property and is affected by balance. The terminal

distance method has the drawback of missing information

on the amount of branching (see Supplementary Fig. 1).

Obviously, the method of choice affects the number of

branch orders. For example, using the Strahler method, all

three cholinergic neurons have four dendritic orders, while

the number of orders in case of the NPY neurons varies

between three and five. If instead of the Strahler method,

one would apply the centripete ordering scheme then the

average number of dendritic orders for the three choliner-

gic neurons is ten and that for the three NPY cells is 17.6.

Using the terminal distance type of ordering ChAT cell

#062 has six orders but NPY neuron #134 runs only to

order 2 giving a totally wrong impression of the extent of

branching. However, one has to bear in mind that the

extraction of measures like terminal versus internal branch

length, partition asymmetry, diameter of dendrite stem is

independent of the branch ordering scheme used.

Statistical considerations. Since we have detailed mor-

phological parameters for only three neurons per group, we

cannot perform statistics on cell body measures (perikar-

yon volume, surface, etc.) and no statistical differences

were found if we applied tree-based analysis (see first 8

values in Table 1 and Fig. 8e) though we found significant

differences in comparing the number of dendritic branches

per dendritic order between ‘‘average’’ NPY and cholin-

ergic neurons using the centripedal branch order scheme

(Fig. 8b). Since each neuron provides a large number of

dendritic segments, branch-based analysis as opposed to

tree-based or neuron-based allows very reassuring statisti-

cal power and, indeed, we found significant differences in

measures, including terminating versus bifurcating branch

length, topological asymmetry and dendritic diameter be-

tween NPY and cholinergic neurons (lines 17–18, 21 and 9

in Table 1). Even if dendritic branches are not absolutely

independent observations, the results of this analysis reflect

a trend that does have biological meaning. An important

limitation of the present study is that it is based on only six

fully reconstructed electrophysiologically and neurochem-

ically identified cells. Therefore whether or not cholinergic
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Fig. 7 Dendrograms of three

NPY positive neurons. Neurons

(not to scale) are shown on the

right and the corresponding

dendrograms on the left. The

different dendrites in each

neuron have been drawn in a

different color, which

corresponds to the branch color

in the dendrogram. In all cases

somata are black and axons are

red. a NPY neuron 059R. b
NPY neuron 090R. The green
profile at the bottom represents

a cholinergic cell body in close

proximity to the reconstructed

neuron. c NPY neuron 134R.

The two short dendritic like

appendages originating from the

cell body of neuron 090R and

neuron 134R (short yellow
lines) in b and c are included in

the dendrogram
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and NPY neurons would show significant differences in

measures in which we did not find them in this study awaits

further investigations using a larger pool of neurons simi-

larly identified.

Dendritic arborization pattern of cholinergic

and NPY neurons

In agreement with dendritic morphology of physiologically

identified putative cholinergic neurons of the laterodorsal

tegmental nucleus (Surkis et al. 1996), the dendrites of BF

cholinergic and also of NPY neurons resemble to some

extent those of the ‘‘isodendritic core’’ (Ramon-Moliner

and Nauta 1966) or generalized type of dendritic arbor

(Scheibel and Scheibel 1961; Valverde 1961a, b; Ramon-

Moliner 1962; Leontovich and Zhukova 1963; Brauer et al.

1988; Pang et al. 1998) of neurons in the reticular forma-

tion of the brainstem. For e.g., the presence of few, rela-

tively straight dendrites and a branching pattern of

cholinergic and NPY dendrites in which the sum of the

lengths of the daughter branches is longer than the length

of the parent branch is consistent with this classification.

According to our estimates one cholinergic cell dendritic

domain might share its space with 50–80 other cholinergic

neurons, depending on its location in the BF, a character-

istic of isodendritic neurons. This assessment is more dif-

ficult to do for NPY neurons, whose detection may depend

heavily on the methodological approach. In colchicine

pretreated animals, with excellent staining of the NPY

somata and dendrites, the dendritic domain of a single NPY

neuron may be shared with 5–15 other NPY neurons (Za-

borszky and Duque 2000, 2003). However, there are some

differences between these two types of neurons. For

example, in NPY neurons short dendritic-like appendages

emanating from the soma were common. Also, the claw-

like (racemose) dendritic endings of NPY neuron 134R are

similar to the complex dendritic appendages of some pal-

lidal neurons described by Millhouse (1986) and are not

encountered in cholinergic neurons. NPY dendritic trees

are significantly more asymmetric than those of cholinergic

neurons (partition asymmetry is 0.79 for NPY and 0.56 for

cholinergic dendritic trees). Other cell classes have asym-

metry values consistent with ChAT cells rather than NPY

neurons, including spinal motoneurons at 0.46 ± 0.05 (Li

et al. 2005) and hippocampal pyramidal cells at

0.54 ± 0.06 (Scorcioni et al. 2004), suggesting that highly

asymmetric dendrites may be a specific peculiarity of NPY

cells. Comparing data of bifurcation angle, branch tortu-

osity, and daughter diameter ratio, in contrast, did not re-

veal any statistically significant difference between NPY

and ChAT neurons nor between either of these and hip-

pocampal pyramidal or spinal motor neurons (Scorcioni

et al. 2004; Li et al. 2005).

Both types of dendritic trees arborize in a box of about

0.1 mm3; hence the actual space occupied by dendrites

corresponds only to a fraction of their total spatial domain.

There was no significant difference in total dendritic length

comparing the average total dendritic length per cell type

(n = 3 for ChAT and n = 3 for NPY), or the average total

length per dendritic tree of each neuron type (n = 9 for

ChAT neurons and n = 13 for NPY-containing neurons,

without the small dendritic like appendages emanating

from the soma). It should be noted that these dendritic

length values are substantially lower that those reported for

hippocampal pyramidal cells (16 ± 6 mm in Scorcioni

et al. 2004) and spinal motoneurons (15 ± 6 mm in Li et al.

2005). In addition, in pyramidal and motor neurons length

values are similar for bifurcating and terminal branches. In

BF neurons, as illustrated in Fig. 8c, both terminal and

Table 1 Comparison of dendritic morphometric data between ChAT

and NPY neurons

ChAT NPY

Total dendritic length/cell 4,183 ± 620 5,328 ± 2,285

Dendritic surface/cell 12,809 ± 1,748 14,468 ± 10,495

Dendritic volume/cell 3,753 ± 504 4,061 ± 4183

Number of nodes/cell 37 ± 12 106 ± 93

Number of endings/cell 41 ± 12 125 ± 112

Number of trees/cell 3 ± 1 4.33 ± 1.15

Max branch order/cell 14 27

Dendritic tree length 1,458 ± 596 1,294 ± 606

Dendritic diameter across all

orders

0.967 ± 0.523a 0.829 ± 0.381a

Initial diameter of dendrite stem 2.39 ± 1.57 2.01 ± 1.07

Diameter, primary 2.19 ± 1.36a 1.50 ± 0.62a

Diameter, secondary 1.46 ± 0.74a 1.04 ± 0.50a

Diameter, tertiary 1.13 ± 0.37a 0.87 ± 0.39a

Diameter, quaternary 0.96 ± 0.31a 0.84 ± 0.38a

Power ratio 1.59 ± 1.74 1.36 ± 0.87

Daughter diameter ratio 2.36 ± 1.89 2.77 ± 1.54

Terminating branch length 48.93 ± 92.29b 13.22 ± 29.92b,d

Bifurcating (internal) branch

length

65.31 ± 86.70c 33.09 + 57.33c,d

Planar angle across all orders 56.5 ± 14.0 61.62 ± 7.69

Local bifurcation angle 92.29 ± 35.16 90.34 ± 37.97

Topological (partition)

asymmetry

0.57 ± 0.46e 0.79 ± 0.38e

Bifurcation branch taper –0.06 ± 0.80f –0.01 ± 0.55g

Terminating branch taper –0.30 ± 0.54f –0.23 ± 0.59g

Bifurcating branch tortuosity 0.81 ± 0.14 0.79 ± 0.18

Terminating branch tortuosity 0.83 ± 0.14 0.79 ± 0.16

a Statistically significant (Mann–Whitney U test)
b–g Statistically significant (2-tailed Bonferroni corrected)

Brain Struct Funct (2007) 212:55–73 67

123



internal branches are significantly longer in cholinergic

than in NPY neurons and terminal branches are signifi-

cantly shorter than internal branches in NPY (but not

ChAT) neurons. Interestingly, the initial (stem) diameter of

the tree is a stronger predictor of dendritic length in NPY

than in ChAT neurons (Fig. 8f).

Dendritic morphology and structure–function

relationship

A major function of dendrites, assuming only passive

behavior, is to collect synaptic input and deliver an elec-

trotonically integrated version to the soma and down the

axon initial segment where output action potentials are

generated. Mounting evidence from computational studies

suggests that dendritic morphology can robustly affect

electrotonic properties (Carnevale et al. 1997), firing pat-

terns (Krichmar et al. 2002), synaptic integration (Poirazi

et al. 2003) and coincidence detection (Schaefer et al.

2003). The electrotonic structure of dendrites has been

shown to play a critical role in neuronal computation and

plasticity and some effort has been made to construct

morphoelectrotonic transforms (a graphical mapping from

morphological into electrotonic space) that would provide

a way for rapidly obtaining information on the functional

properties of dendritic trees (Zador et al. 1995; Carnevale

et al. 1997). Propagation of action potentials in dendrites

has also been shown to depend on dendritic morphology;

simulations performed with reconstructions of different

neuronal types demonstrated that the range of action po-

tential back-propagation efficacies observed experimen-
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tally could be reproduced by variations in dendritic mor-

phology alone (Vetter et al. 2001). Computational models

of neuronal firing using 3D reconstructions of dendritic

morphology (of hippocampal cells) found that differences

between anatomical classes and within the same morpho-

logical class can have a dramatic influence on firing rate

and mode (Krichmar et al. 2002; Scorcioni et al. 2004).

There is no significant difference in the ‘‘power ratio’’

between the two classes of BF neurons examined here, as

well as between either NPY or ChAT (Table 1) and either

hippocampal pyramidal cells (at 1.7 ± 0.1 in Scorcioni

et al. 2004) or spinal motoneurons (at 1.4 ± 0.2 in Li et al.

2005). Since the power ratio measures the deviation from

‘‘ideal’’ cable behavior, it is inviting to speculate that, in

the assumption of similar electrotonic characteristics, the

passive integrative/coincidence detection properties of

ChAT and NPY cells may be comparable. However, the

differences in branching patterns and branch-level mor-

phometry (Fig. 8c, f; Table 1) combined with potential

differences of active properties could enable and imple-

ment distinct dynamics and functions between the two

neuronal types (Vetter et al. 2001; Krichmar et al. 2002;

Schaefer et al. 2003). Some of the active dendritic con-

ductances of cholinergic neurons in BF slices have been

characterized (Khateb et al. 1992; Alonso et al. 1996), but

no such data are available for NPY neurons in the BF.

If the length and surface area of the dendrites are an

indication of the possible number of incoming inputs, then

based on the results presented here, both cholinergic and

NPY-containing BF neurons may receive roughly the same

overall number of synapses. However, cholinergic neurons

with more surface area in the very proximal dendrites

might receive more inputs there than NPY neurons. Al-

though some distal portions of cholinergic dendrites are

thicker than distal endings of NPY dendrites, the complex

endings of NPY dendrites with their increased surface area

may compensate for their thinner proximal dendrites.

Increase in dendritic branching and length in BF neurons

has been described in Alzheimer’s disease using the Golgi

method that non-specifically labels all types of neurons

(Arendt et al. 1986). Our study is the first attempt at cre-

ating a basic set of dendritic parameters for specific neu-

ronal types in the BF against which alterations can be

measured in pathological conditions.

Local axonal collaterals of cholinergic

and NPY-containing BF neurons

Using Golgi impregnation or ChAT immunostaining

(Brauer et al. 1988), only the initial portions (up to 50 lm)

of the axons can be observed and hence these methods are

not useful in observing axon collaterals.

Searching for contacts from putative cholinergic col-

laterals onto GABAergic parvalbumin-immunoreactive rat

medial septum neurons, Brauer et al. (1998) injected the

immunotoxin 192IgG-saporin into the septal diagonal band

region and reported, at the EM level, degenerating termi-

nals in contact with both parvalbumin positive and negative

cells. Since the immunotoxin is supposed to affect only

cholinergic cells (Book et al. 1994), it was deduced that

local cholinergic collaterals must be present in the region, a

suggestion in agreement with previous presumptions to the

effect (Bialowas and Frotscher 1987). However, choliner-

gic collaterals were not directly demonstrated.

A study using intracellular injection of HRP for

staining of antidromically identified neurons revealed that

Fig. 8 a Dendritic diameter versus branch order. Cholinergic

dendrites, in black, run up to order 14. NPY dendrites are in gray
and run up to order 27. The y axis corresponds to the average of the

average diameter of dendrites for each order and is given in lm.

There is a difference in the mean dendritic diameter or thickness per

branch order between the two populations. Across all dendritic orders,

the mean diameter of the cholinergic dendrites is 0.967 ± 0.523 lm

(n = 232 dendritic segments) while that of the NPY dendrites is

0.829 ± 0.381 lm (n = 691 dendritic segments). The difference

between these means is statistically significant (P < 0.0001, 2-tailed

Mann–Whitney test). b Average number of branches per dendritic

order for cholinergic and NPY basal forebrain neurons. The plot

indicates that in general, cholinergic neurons have fewer branches

than NPY neurons at every dendritic order. Data were normalized by

the number of neurons, so that the data correspond to an ‘‘average’’

neuron of a particular type, i.e., cholinergic or NPY. Cholinergic data

are in black and NPY data in gray. The number of dendritic orders

was vastly different between the two chemically distinct neuronal

populations. Overall, dendrites of NPY positive neurons branch more

than cholinergic dendrites at every order. This difference was

statistically significant (P < 0.05, 2-tailed Mann–Whitney test). c
Terminal and internal branch lengths in ChAT and NPY neurons.

Both terminal and internal branches are significantly longer in ChAT

than in NPY neurons. In addition, terminal branches are significantly

shorter than internal branches in NPY (but not ChAT) neurons (all P
values are 2-tailed t tests). d Distribution of membrane surface along

the dendritic path. In absolute terms, the distribution of surface area is

concentrated closer to the soma in ChAT than in NPY neurons,

although the total amount of surface is approximately the same in the

two neuronal groups. e Cumulative surface fraction as a function of

normalized path distance indicates that if each of the six neurons was

‘‘scaled’’ to the same size, then, the dendritic surface area would have

very similar distribution along the dendritic path in both ChAT (N = 9

trees, black symbols and lines) and NPY (N = 13 trees, red symbols
and lines) cells. f Plotting dendritic length as a function of stem

diameter indicates a strong linear correlation (dashed lines) between

the two measures in both groups (RChAT = 7.2, RNPY = 7.6), and there

is no statistical difference in tree length (LChAT = 1,458 ± 596 lm;

LNPY = 1,294 ± 606 lm; P > 0.5, 2-tailed t test) or stem diameter

(DChAT = 2.39 ± 1.57 lm; DNPY = 2.01 ± 1.07 lm; P > 0.5) be-

tween the two groups. However, the linear relationship between

length and diameter has opposite characteristics in the two groups: the

intercept is nearly twice as large for ChAT than for NPY neurons (In

ChAT = 806 lm vs. In NPY = 415 lm), while the slope follows the

opposite inequality (SlChAT = 273 vs. SlNPY = 436), indicating a

stronger dependence of total length on stem diameter for NPY than

for ChAT dendritic trees

b
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corticopetal neurons in the BF had local axon collaterals

displaying numerous boutons en passant (Reiner et al.

1987; Semba et al. 1987). However, due to the lack of

transmitter identification, the classification of the recon-

structed neurons remained open to speculation (Detari et al.

1999). A patch clamp study by Bengtson and Osborne

(2000) shows a reconstructed cholinergic neuron in the

ventral pallidum, which does not seem to have axon col-

laterals (although a small daughter branch is reported).

However, this was an in vitro study where truncation of

axons and dendrites is very common. A study of juxta-

cellularly labeled cholinergic neurons in the BF by Manns

et al. (2000) did not describe the axons of the labeled

neurons. In our study all cholinergic neurons reconstructed

possessed axon collaterals. To our knowledge this is,

therefore the first time that local axon collaterals of BF

cholinergic neurons have been demonstrated.

Several studies in brain slices containing the septum and

diagonal band have documented that cholinergic neurons

are capable of releasing acetylcholine locally in an impulse

dependent manner (Metcalf et al. 1988; Metcalf and Bo-

egman 1989; Nishimura and Boegman 1990), a finding that

is in agreement with the presence of abundant local axonal

collaterals of cholinergic neurons shown in this study.

Moreover, both nicotinic and muscarinic receptors are

found in the BF (Yu et al. 1993; Vilaro et al. 1994; Gotti

et al. 1997; Khateb et al. 1997, 1998; Csillik et al. 1998;

Jones and Muhlethaler 1999; Smiley et al. 1999a, b; Pic-

ciotto et al. 2000; Dani 2001). Muscarinic inhibition of

glutamatergic transmission onto rat magnocellular BF

neurons has been seen in slice preparations (Sim and

Griffith 1996). Cholinergic neurons have been shown to be

hyperpolarized by muscarine (Khateb et al. 1997) and

muscarinic receptor agonists strongly excite non-choliner-

gic, presumably GABAergic neurons in BF slices (Wu

et al. 2000), findings that are compatible with the idea that

cholinergic neurons may influence other local cholinergic,

glutamatergic and GABAergic neurons.

Although NPY axons have been shown to synapse with

cholinergic neurons in the BF using bulk-immunostained

material (Zaborszky and Duque 2000), due to the fact that

NPY is expressed in most of the brainstem catecholam-

inergic neurons with ascending projections to BF cholin-

ergic neurons (Zaborszky and Cullinan 1996; Hajszan and

Zaborszky 2002), the local origin of NPY synapses on

cholinergic neurons cannot be ascertained by these stud-

ies. On the other hand, reconstruction of the local axon-

collaterals of NPY neuron #059 from ultrathin sections,

indeed confirmed, in preliminary studies, that NPY vari-

cosities establish synapses with cholinergic dendrites

(Mosca et al. 2005). Since in the axonal arborization

space of a single NPY neuron, in addition to cholinergic

neurons a large number of other types of neurons exists,

including various calcium-binding protein containing

neurons (Zaborszky et al. 2002), the local postsynaptic

targets of the NPY axons remain to be established in

future electron microscopic studies. NPY is colocalized

with GABA (Aoki and Pickel 1989) and/or somatostatin

(Köhler et al. 1986) in many forebrain neurons. NPY has

been shown to inhibit GABA release presynaptically in

isolated self-innervating suprachiasmatic neurons (Chen

and Van den Pol 1996) and mediate postsynaptic dendritic

hyperpolarization in the thalamus (Sun et al. 2001, 2003).

Also, NPY was shown to inhibit glutamate release onto

hippocampal pyramidal cells in slice preparations from

human epileptic foci (Vezzani et al. 1999). In lack of

in vitro studies, it is unclear how NPY neurons may affect

the firing properties of cholinergic neurons. However,

considering their opposite firing relation to EEG activa-

tion as compared to that of cholinergic neurons (Duque

et al. 2000), the possibility that they contain GABA, and/

or somatostatin, and the conditions required for release of

neuropeptides (Hökfelt 1991), it is likely that during

synchronized EEG epochs, when NPY neurons show burst

firing (Duque et al. 2000), an increased release of NPY

could result in a pronounced modulation of GABAergic-

cholinergic transmission at least in the ventral pallidum

where cholinergic cell bodies are richly innervated by

GABAergic terminals (Zaborszky et al. 1986). A similar

scenario has been postulated for the action of somatostatin

that has recently been shown to inhibit presynaptically

both GABA and glutamate release onto rat BF cholinergic

neurons (Momiyama and Zaborszky 2006).

Concluding remarks

The 3D reconstruction of electrophysiologically and neu-

rochemically identified neurons in the BF is an important

step towards understanding the functional circuitry of this

brain area. Future modeling studies should incorporate the

morphological details described along with the specific

active dendritic conductances for analyzing their role in

synaptic integration. Knowledge of precise synaptic dis-

tributions and recordings of both the pre- and postsynaptic

neurons would further our understanding of the computa-

tional roles of NPY and cholinergic neurons within their

functional neural circuits and how the outputs of NPY

neurons affect action potential generation in principal BF

cells including cholinergic and GABAergic projection

neurons.
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