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Alpha-adrenergic receptor (A) is colocalized in basal forebrain cholinergic neurons: A light and electron microscopic double immunolabeling study
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Abstract

A variety of data suggest that noradrenaline and acetylcholine may interact in the basal forebrain, however no morphological studies have addressed whether indeed cholinergic neurons express  adrenergic receptors. We have investigated the presence of alpha-adrenergic receptor subtype α2A -AR in cholinergic neurons of the basal forebrain. Cholinergic neurons were identified with an antibody against choline acetyltransferase and the receptor with a polyclonal antibody raised against a 47 amino acid fragment of the third intracellular loop of the α2A-AR. For double labeling at the light microscopic level the Ni-DAB/DAB technique was used, and for electron microscopy an immunoperoxidase/immunogold method was applied. We detected the α2A-AR protein in cholinergic as well as in non-cholinergic neurons.  Almost half of all cholinergic neurons contained this adrenergic receptor. Double-labeled neurons were distributed throughout the rostro-caudal extent of the basal forebrain cholinergic continuum, including the medial septum, vertical and horizontal diagonal band nuclei, pallidal regions, substantia innominata and the internal capsule.  Non-cholinergic neurons that expressed the α2A-AR outnumbered cholinergic/α2A-AR neurons by several factors. Electron microscopy confirmed the presence of α2A-AR in cholinergic neurons in the medial septum, vertical and horizontal diagonal band nuclei. Gold particles (10 nm) indicative of α2A-AR were diffusely distributed in the cytoplasm and accumulated in cytoplasmic areas near the Golgi complex and cysterns of the endoplasmic reticulum and were associated with the cellular membranes at synaptic and non-synaptic locations. Since many of the α2A-AR+/non-cholinergic neurons we detected are likely to be GABAergic cells, our data support the hypothesis that noradrenaline may act via basal forebrain cholinergic and non-cholinergic neurons to influence cortical activity.

Introduction

Stimulation of the reticular formation increases cortical acetylcholine (ACh) release that parallels EEG arousal (Kanai & Szerb, 1965; Celesia & Jasper, 1966; Jasper & Tessier, 1971).  It is likely that the basal forebrain cholinergic neurons mediate this effect because the basal forebrain provides the main source of ACh to the cortex (Mesulam et al., 1983).  Various potential sources of afferents to the basal forebrain may be considered based upon the correlation between their discharge patterns and the EEG.  Locus coeruleus efferents visualized by Phaseolus vulgaris leukoagglutinin (PHA-L) tracing or noradrenergic axons immunostained by an antibody against dopamine--hydroxylase appear to synapse on cholinergic neurons throughout the basal forebrain (Zaborszky et al., 1993; Zaborszky & Cullinan, 1996), and physiological studies have implicated locus coeruleus in cortical arousal (e.g. Jacobs, 1987; Foote & Aston-Jones, 1995; Berridge et al., 1996; Gervasoni et al., 1998). Behavioral-pharmacological studies also suggest that noradrenaline (NE) and ACh could interact in the basal forebrain influencing learning, memory and cortical activation (Marighetto et al., 1989; Haroutunian et al., 1990; Decker & McGaugh, 1991; Cape & Jones, 1998). NE exerts its cellular action via various  and ß-adrenergic (ARs) receptors that show specific regional distribution in the CNS (Nicholas et al., 1993; Rosin et al., 1993; Pieribone et al., 1994; Rosin et al., 1996; Talley et al., 1996; Domyanci & Morilak, 1997). Clonidine, an 2-AR agonist injected into the forebrain, near cholinergic cells, produced arousal (Ramesh et al., 1995), and basal forebrain areas rich in cholinergic neurons are abundant in α2-AR binding (Scheinin et al., 1994; King et al., 1995). Since basal forebrain areas contain several different transmitter-specific neuronal populations (Zaborszky & Duque, 2003), the aim of the present studies was to investigate: (1) whether the 2A subtype of 2-ARs (α2A-ARs) is localized in basal forebrain cholinergic neurons; (2) the subcellular localization of α2A-ARs in the basal forebrain areas rich in cholinergic neurons. Light and electron microscopic studies were performed and double-label techniques applied. A subtype-specific polyclonal antibody (Rosin et al., 1993) for the α2A-AR subtype was used for the detection of α2A-AR-immunoreactivity in combination with choline acetyltransferase (ChAT) immunoreactivity to label cholinergic neurons.  A preliminary report of these findings was published in an abstract form (Zaborszky et al., 1995).

Materials and methods

Animals and perfusion 

Experiments were performed in four Sprague-Dawley male rats (Zivic Miller, Zeleinople, PA) weighing 300-350 g. All procedures were carried out in compliance with the National Institutes of Health Guidelines for the Care and Use of Animals in Research approved by the Rutgers University Institutional Review Board. Animals were deeply anesthetized with 7% chloral hydrate and intracardially perfused first with cold saline (4o C, 2-3 min.) and then with 300 ml of fixative consisting of 4% paraformaldehyde, 0.1-0.2 % glutaraldehyde and 0.2% picric acid in 0.1 M phosphate buffer (PB), pH 7.4, followed by the same fixative without glutaraldehyde (Somogyi & Takagi, 1982). The brains were removed from the skull and immersed in the second fixative overnight at 4o C. Sections were cut at 50 μm with an Oxford Vibratome.

immunocytochemistry for light microscopy and analysis

Immunoreagents.  The preparation and specificity of an affinity purified subtype specific rabbit polyclonal antibody to the rat α2A-AR have been described previously (Rosin et al., 1993). Briefly, the antibody was raised against a fusion protein consisting of helminthic enzyme glutathione S-transferase (GST) fused to a 47 amino acid fragment of the third intracellular loop of the rat α2A-AR. Antibody against rat-mouse
 choline acetyltransferase (ChAT) was purchased from Boehringer Mannheim GmbH (Mannheim, Germany). Gold-conjugated streptavidin was obtained from Amersham (Piscataway, NJ). 

Single-labeling. Free-floating coronal sections were extensively washed in PB, permeabilized (10-30 min.) in 0.08-0.2% Triton X-100-PB and then preincubated with (1) 1% H2O2 in PB for 30 min at room temperature (RT) and (2) 3% normal goat serum (NGS) for 1 h. Sections were then treated sequentially with (3) affinity purified α2A-AR antibody (2.5 μg antibody diluted in 1 ml PB
 containing 1% NGS) pre-adsorbed with GST (25 μl GST
/3 ml α2A-AR working dilution) for 48 hr at 4o C; (4) biotinylated-goat anti-rabbit IgG (bGAR
) in 1:200 dilution for 3 h (RT); (5) ABC-Elite (1:1000, Vector Laboratories, Burlingame, CA) for 2-3 h (RT); (6) the immunoperoxidase reaction was developed using 3,3'-diamino-benzidine tetrahydrochloride (DAB, 0.02% in 50 mM Tris-HCl buffer pH=8, containing 0.6% ammonium nickel sulfate and 0.001% H2O2).

Double-labeling for light microscopy. Free-floating sections were incubated after step (6) in monoclonal rat-mouse anti-ChAT (2-3 μg
/ml 0.1 M PB) for 48 h at 4o C. After washing, sections were incubated in goat anti-rat IgG (
1:50 in 0.1 M PB) for 3 h at RT followed by treatment in rat peroxidase anti-peroxidase (PAP;
1:100) for 2-3 h at RT. The second immunoperoxidase reaction was developed with DAB only.
Analysis for light microscopy. Cholinergic cell bodies were digitalized in basal forebrain areas from coronal sections at six different rostro-caudal levels 
in a representative case, with the aid of the Neurolucida( image analysis system (MicroBrightField, Colchester, VT) connected to a Zeiss Axioscope microscope. Outlines and borders of major forebrain areas were drawn at 10x, and single- and double-labeled cholinergic neurons were mapped at 100x. Relative standard topographical terms have been used according to the atlas of Paxinos and Watson (1998). 

immunocytochemistry for electron microscopy and analysis

Forebrain sections were double-labeled by combining the immunoperoxidase and immunogold methods (Kiss et al., l993). As opposed to the light microscopic staining, triton was not used before immunocytochemistry for electron microscopy. Sections were first stained for ChAT using the PAP/DAB method as described above. This was followed by incubating the sections in PB containing 5% normal goat serum (2 hr) then in rabbit antiserum to α2A-AR diluted as for single-labeling
 for 24 hr. Subsequently sections were incubated overnight in bGAR and in gold-conjugated-streptavidin (10 nm, 1:20 in 0.1 M Tris-HCl, pH = 8.2). After intensive washing the double-immunostained sections were osmicated [1% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA) in PBS, 40 min] then dehydrated in an ascending series of ethanol (30-50-70-80-95-100%). For contrasting, the tissue was treated with uranyl acetate [1% uranyl acetate (Electron Microscopy Sciences) in 70% ethanol, 30 min]. Following treatment with propylene oxide (Electron Microscopy Sciences, 15 min), the sections were soaked in durcupan (Fluka Chemie AG, Buchs, Switzerland, overnight) then flat embedded between liquid release agent-pretreated (Electron Microscopy Sciences) microscope glass slides and coverslips. Small regions from the medial septum and vertical and horizontal limbs of the diagonal band nuclei were photo-documented, and the tissue pieces were cut out and mounted onto blank durcupan blocks. Ribbons of serial ultrathin sections were cut on a Reichert Ultracut E ultramicrotome and picked up onto formvar-coated (Electron Microscopy Sciences) single-slot grids. Ultrathin sections were examined with a Tecnai 12 electron microscope. Pictures were taken on sheet films. The sheet films were then digitized using a Polaroid SprintScan 45 scanner.

Control. For control, sections were treated similarly except that the primary antibody was preincubated for 4 hr at 4o C with 10-20-fold excess (w/w) of GST/α2A-ARi3 fusion protein instead of the parent protein, GST.

Digital image processing. When it was necessary, contrast and lightness were adjusted on digitally produced pictures. All composites of pictures were assembled and lettering was added using the AdobeR PhotoShopR 7.0 software. The figures were printed with a Tektronix Phaser 740 color laser printer.

Results

light microscopic observations

Six coronal sections through the rostro-caudal extent of the basal forebrain were examined with a 100X oil immersion lens, and 377 cholinergic neurons
 were investigated for double-labeling and mapped by using the NeurolucidaR system. The following strict criteria were applied to define double labeling: 1) cholinergic neurons should contain at least four intensely stained α2A-AR puncta, i.e., intensely labeled spherical granules of 0.3-1.0 (m size that were similar in size and intensity to the granules seen in adjacent neurons stained only for α2A-AR (Fig. 1); 2) each cholinergic neuron was tested for the presence of the large granules by carefully focusing through the entire depth of the perikaryon. We detected double-labeled cholinergic neurons admixed with single-labeled cholinergic and single-labeled α2A–AR-positive cells in all basal forebrain regions examined (medial septum, diagonal band of Broca, pallidal regions and the substantia innominata). Almost half (181) of the cholinergic neurons were double-labeled, i.e., containing both ChAT and α2A-AR immunoreactivity. 

In our double-labeled material three types of cholinergic neurons
 were observed. First, in many neurons double-labeled for both ChAT and 2A-AR several readily distinguishable, large black intensely stained 2A-AR-immunoreactive puncta were accumulated over the cell body and occasionally the proximal dendrites (Fig. 1A and B). In addition to a few large black granules, these cholinergic cell bodies also contained smaller, brown
 granular reaction product for ChAT diffusely distributed in the perikaryon (type I). A proportion of cholinergic neurons exhibited only the small brown granules, without the presence of large black puncta (Fig. 1C and D). In this second type of cholinergic neurons (type II) the diffusely distributed small granules were usually less strongly demarcated and showed gray-brown
 color as compared to the sharply visible larger black reaction product. Finally, a third type of cholinergic neurons (type III) was only homogeneously stained by DAB without granular appearance (Fig 1E). Preadsorption of the primary antibody with the α2A-AR antigen, i.e. the GST-fusion protein, completely eliminated the Ni-DAB immunoperoxidase staining.  According our conservative criteria only type I cholinergic neurons were considered double-labeled. 

Single-labeled α2A–AR-containing neurons outnumbered double-labeled neurons by a factor of 5 to 7 in all regions examined. Figure 2 shows the location of single- and double-labeled cholinergic neurons across various basal forebrain regions from a representative case. From evaluation of double-labeled cells across different basal forebrain areas rich in cholinergic neurons the density of double-labeled cells showed great variation.

electron microscopic observations

Eight tissue blocks
, from four animals, containing the medial septum-diagonal band area and the area of the horizontal limb of the diagonal band at the crossing of the anterior commissure were selected for serial ultrathin sectioning (Fig. 3A-D). Ultrathin sections were screened at 15,000-20,000 primary magnification and 40 cholinergic neurons that were selected under the light microscope were investigated thoroughly through at least 3 consecutive thin sections (Fig. 3C-H).  In addition, 16 cholinergic negative, α2A-AR positive neurons that contained several 10 nm gold particles in their cytoplasm were investigated in the vicinity of the selected cholinergic neurons. According to our criteria, cholinergic neurons had to contain at least two gold granules per profile to be accepted as double-labeled. Gold particles above cell nuclei were never seen indicating the lack of background granules. 

In nine of the 40 cholinergic neurons we detected numerous gold particles indicating immunoreactivity for the α2A-AR antigen in addition to the flocculent DAB end- product characteristic for the presence of ChAT-immunoreactivity (Fig. 4).  In both double-labeled and single-labeled α2A-AR neurons, the gold particles indicating immunoreactivity for the α2A-AR antigen were localized in the cytoplasm of the perikaryon and proximal dendrites (Figs. 4- 5). There was no labeling above the mitochondria and nuclear profiles.  Gold granules were diffusely distributed in the cytoplasm and accumulated in cytoplasmic areas near the Golgi complex and cysterns of the endoplasmic reticulum. Occasionally, gold particles were associated with cellular membranes (Fig. 5A) or located in the cytoplasm in close vicinity of the postsynaptic density (Fig. 5B). The selectivity of the α2A-AR immunoreactivity is especially clear in Figure 5A where a single-labeled cholinergic neuron that is free of any gold particles is adjacent to another cell body that is negative for ChAT but contains many gold particles. 

Discussion 

This study provides direct evidence that α2A-AR is expressed in a substantial population of basal forebrain cholinergic and a large number of non-cholinergic neurons. These findings are discussed in relation to the view that noradrenaline may influence cortical activity through cholinergic and non-cholinergic neurons of the basal forebrain
METHODOLOGICAL AND MORPHOLOGICAL CONSIDERATIONS

The selectivity and light microscopic characterization of the immunostaining pattern of α2A-ARs using the same antibody with DAB/Ni-DAB double labeling protocol has been described in detail by Rosin et al. (1993) and Talley et al., (1996). Details of the antibody specificity and the various methods used to demonstrate α2A-AR immunostaining has been reviewed recently and the reader is referred to this publication (Rosin, 2000). Ultrastructurally, using DAB reaction, the α2A-AR antigen has been localized in neuronal perikarya, dendrites, axons, axon terminals and in astrocytes in different cortical and brainstem regions (Aoki et al., 1994; 1998; Milner et al., 1998; 1999; Lee et al., 1998a,b; Venkatesan et al., 1999). While these studies confirmed the presence of α2A-AR in the cytoplasm, synaptic or extrasynaptic membrane localization cannot be ascertained using DAB reaction, due to the potential diffusion of the peroxidase reaction product from the original position of the protein. Using immunogold-silver technique, however, Lee et al., (1998b) presented suggestive evidence for extrasynaptic plasmalemmal localization of the receptor protein in dendrites of the locus coeruleus. To our knowledge our study is the first electron microscopic demonstration of the α2A-AR antigen using immunogold technique without silver intensification
. 

The localization of the 10 nm gold particles we observed near the Golgi substance, endoplasmatic reticulum, and diffusely in the cytoplasm lends support to the notion that most of these α2A-ARs are found at sites of 
synthesis, storage and trafficking. These findings are in agreement with a previous study that showed at least one third of the total α2A-AR binding sites in a neuronal cell line was in the intracellular pool (Lee et al., 1995)
. In the present studies the localization of gold particles that were associated with the plasmalemma (Fig. 5A) or adjacent to the postsynaptic thickening (Fig. 5B) identified pools of α2A-ARs that are likely functional cell surface receptors. 
Basal forebrain areas rich in cholinergic projection neurons have been shown to contain α2A-AR mRNAs (Zeng & Lynch, 1991; Winzer-Serhan et al., 1997), α2A-AR-immunoreactivity (Rosin et al., 1993, Talley et al., 1996; Manns et al., 2003b) and binding sites for these receptors (Unnerstall et al., 1984; Boyajian et al., 1987; Hudson et al., 1992; King et al., 1995), however the cellular localization of α2A-ARs  in these areas has not been shown.  Our present finding is the first morphological demonstration of the presence of α2A-ARs in cholinergic neurons of the basal forebrain. The α2A-AR immunoreactive non-cholinergic neurons, we detected, are presumably GABAergic (Manns et al., 2003) projection neurons (Rye et al., 1984). Alternatively, they may represent interneurons such as those related to the amygdala (Sun & Cassel, 1993; Veinante et al., 1997) or to the corticopetal neurons (Záborszky et al., 1999; Zaborszky and Duque, 2003). 

Functional considerations

The inhibitory effects of NE on neural activity are mediated by -ARs.  Activation of α2A-ARs has been linked to the inhibition of Ca2+ channels (Lipscombe et al., 1989), activation of K+ channels (Williams & Reiner, 1993) and the inhibition of adenyl cyclase (Ruffolo et al., 1991). The presence of α2A-AR receptors in a subpopulation of basal forebrain cholinergic neurons suggests that NE may have an inhibitory effect on these neurons, similar to NE action on mesopontine cholinergic neurons (Williams & Reiner, 1993). A large number of non-cholinergic neurons also expressed 2A-AR immunoreactivity.   Synapses of dopamine--hydroxylase or locus coeruleus axons were detected in similarly large numbers on non-cholinergic, many of which are likely to be GABAergic cells (Zaborszky et al., 1993; Zaborszky & Cullinan, 1996). If these GABAergic neurons proved to be presynaptic to cholinergic projection neurons, NE may disinhibit the GABAergic/cholinergic link (Zaborszky et al., 1986), thereby causing a facilitatory action on cholinergic neurons. This indirect excitatory effect of NE may be paralleled by a direct excitatory action through 
 1-ARs on cholinergic neurons as suggested by Fort et al. (1995) using guinea pig basal forebrain slices.

High frequency stimulation (100 Hz, 1 ms pulses, 20 μA) of the locus coeruleus area in urethane-anesthetized rats produced electrocorticogram activation in the neocortex and hippocampus, and these effects were abolished by systemic treatment with the anti-muscarinic drugs scopolamine or atropine (Dringenberg & Vanderwolf, 1998). Also, single pulse stimulation of the locus coeruleus area enhanced discharge of the majority of fast spiking (so-called F cells) in the basal forebrain (Dringenberg & Vanderwolf, 1997).  Some of the F-cells were later identified as cholinergic neurons (Duque et al., 2000; Manns et al., 2000a). On the other hand, single pulse stimulation of the locus coeruleus inhibited the spontaneous firing of non-cholinergic, so-called S cells (slow firing during arousal) in the basal forebrain (Dringenberg & Vanderwolf, 1997; Zaborszky et al., 1999). S-cells are likely to be GABAergic (Manns et al., 2000b) and contain parvalbumin or neuropeptide Y (Duque et al., 2000). 

CONCLUDING REMARKS

These physiological data in combination with our findings of a perisynaptic localization of α2A ARs within cholinergic and non-cholinergic cell bodies (current study) and locus coeruleus synapses (Zaborszky et al., 1993) on both cholinergic and non-cholinergic neurons are compatible with the notion that locus coeruleus-NE acts via basal forebrain cholinergic and non-cholinergic projection neurons to influence cortical activity (Zaborszky & Duque, 2003; Manns et al., 2003). Since an earlier account (Heider et al., 1997) demonstrated the reduction of cortical α2A ARs after lesion of the neocortically projecting cholinergic neurons, the alternate possibility exists that α2A ARs expressed presynaptically in the cortex mediate the inhibitory effect of NE released from axons arising from the locus coeruleus (Vizi, 1980). 

.
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LEGEND TO FIGURES

Fig. 1.  High magnification view of AR immunoreactivity in the basal forebrain from sections stained with DAB (brown immunoperoxidase reaction product) for choline acetyltransferase (cholinergic neurons) and Ni-DAB (black immunoperoxidase reaction product) to mark AR immunoreactivity. A - B: Arrows point to cholinergic neurons containing intensely-stained black particles indicative of AR immunoreactivity. C-D: Cholinergic cell bodies (marked with asterisks) contain only diffuse
 brown reaction product. Arrowheads in (C) and (D) point to AR-labeled neurons that are negative for choline acetyltransferase. E: Cholinergic cell body (marked with asterisk) is stained homogeneously with DAB but without containing punctate reaction product. F: Asterisk labels an AR-labeled neuron that is negative for the cholinergic marker.  Scale: 
 50 m

Fig. 2. Distribution of single and double-labeled cholinergic neurons mapped using the NeurolucidaR system from six coronal sections approximately 500 um apart. Single-labeled cholinergic neurons are marked with black filled circles (n=195), double-labeled cholinergic neurons with red filled-up triangle (n= 182). The medial-septum-diagonal band (MS/VDB), ventral pallidum (VP), globus pallidus (GP), substantia innominata (SI), and internal capsule (ic) were delineated using traditional cytoarchitectural landmarks. ac= anterior commissure;  f= fornix; ox= optic chiasm; ot= optic tract; sm= stria medullaris; BSt= bed nucleus of the stria terminalis. Cholinergic cells in the VP were not investigated. Scale: 1 mm.
Fig. 3. Composite picture demonstrating the correlated light and electron microscopic analysis of selected cholinergic neurons. A: Image taken at low magnification of a plastic embedded section double-labeled for choline acetyltransferase (immunoperoxidase-DAB) and AR (immunogold) at approximately 0.2 mm rostral to bregma. Boxes mark the areas that were sampled for electron microscopic analysis. Upper box marks the medial septum-dorsal vertical limb of Broca (MS/VDB), lower box delineates cholinergic neurons in the transitional area between vertical (VDB) and horizontal limb (HDB). Arrow in the lower box points to cells enlarged in (C). Bar scale: 1 mm. B: Enlarged view of the lower box from (A). Small box in (B) is shown with higher magnification in (C). Bar scale: 0.5 mm C: Five sharply delineated cholinergic cell bodies from the surface of this section are visible along several neuronal shadows indicating less intensely-labeled cholinergic cell bodies in deeper part of the plastic section
. Cell F is depicted in (F) at low electron microscopic magnification. Arrow points to the location of a cell body (Cell G) that was also selected for electron microscopic analysis and shown in (G-H). Bar scale: 100 μm. D: Low magnification image of the area of the horizontal limb of the diagonal band (outlined with ink), the third region sampled, from another plastic embedded double-labeled section at about the level of bregma. Small box in the outlined area is shown at higher magnification in (E). Bar scale: 1 mm. E: Cholinergic neurons selected from the HDB area at the light microscopic level with their assigned label (plus or minus
 for the presence AR) as determined after high magnification screening under the electron microscope and subsequent analysis of the electron micrographs. Bar scale: 100 μm. Photos were taken by a Zeiss Axioplan microscope with an MC 80 camera. F: Cell F, a cholinergic neuron from (C) that was negative for AR immunoreactivity. G: Cell G, a neuron from panel (C) that was selected randomly around the strongly-stained cholinergic profiles in the area delineated by small box in (B). This neuron contained minimal flocculent DAB end-product in the right part of the perikaryon. Bar scale in (F, G): 5 μm. H: The cytoplasm of neuron (G) contained also a few gold particles (arrows).  Scale: 0.5 μm. 

Fig. 4.  Electron micrographs showing AR immunoreactivity (immunogold) in a cholinergic neuron (immunoperoxidase reaction product). A: Low magnification view of a perikaryon stained heavily for choline acetyltransferase. Note the characteristic array of endoplasmic reticulum. B: Enlarged view of the cytoplasm from the right box of panel (A). The area of the same cell in the square marked with B is shown from a consecutive ultrathin section of this ribbon at high power on panel (B). Note the dense flocculent DAB product and several gold particles (arrows). C: Immunogold granula in the peripheral part of the cytoplasm from indicated area in (A). The large myelinated figures (asterisks) and the elongated mitochondria (M) serve as fiducial markers to correlate (A) and (C). Note the absence of gold particles in the immediate vicinity of this cholinergic neuron. Scale: 2 μm in (A) and 0.5 μm in (B and C). 

Fig. 5. Specificity of the immunogold reaction. (A) The two adjacent cell bodies are depicted showing different reaction end-products. The upper cell body contains numerous immunogold particles (arrows; AR immunoreactivity) and no DAB product. The lower cell body (CH, cholinergic) is heavily packed with flocculent DAB endproduct (choline acetyltransferase immunoreactivity) but no immunogold particles. Arrow marked with an asterisk points to two gold particles that are associated with the plasmalemma. (B) High magnification detail from a longitudinally cut AR immunoreactive dendrite that contains numerous gold particles (arrows). Arrow with an asterisk points to two gold particles that are close to an asymmetric  postsynaptic side. 
  Note the absence of gold labeling in the axon-terminal adjacent to this dendrite. Scale: 0.5 μm .

References
AOKI, C., GO, C-G.,  VENKATESAN,  C. & KUROSE, H.  (1994) Perikaryal and synaptic 

         localization of α2A-adrenergic receptor-like immunoreactivity. Brain Research  650,       

         181-204.

AOKI, C., VENKATESAN, C.,  GO,  C-G.,  FORMAN,  R. & KUROSE, K.  (1998)  Cellular 

         and subcellular sites for noradrenergic action in the monkey dorsolateral  prefrontal cortex

         as revealed  by the  immunocytochemical localization of noradrenergic receptors and

          axons. Cerebral Cortex 8, 269-277.

BERRIDGE, C.  W., BOLEN,  S.  J.  MANLEY, M.  S.  &  FOOTE,  S.  L. (1996) Modulation

          of forebrain electroencephalographic activity in  Halothane-anesthetized rat via actions of 

          noradrenergic β-receptors within the medial septal region. Journal of Neuroscience 

          16, 7010-7020.

BOYAJIAN,  C.  L.,  LOUGHLIN,  S.  E.  &  LESLIE,  F.  M.  (1987)  Anatomical evidence for

          alpha-2 adrenoreceptor  heterogeneity: Differential autoradiographic  distributions of [3H]

          Rauwolscine and [3H] Idazoxan in rat brain.  Journal  of  Pharmacology and 

          Experimental  Therapeutics 241, 1079-1091.

CAPE,  E.  G.  &  JONES,  B.  E.  (1998) Differential  modulation of high-frequency gamma- 

           electroencephalogram activity and sleep-wake state by noradrenaline and serotonin

           microinjections into the region of cholinergic basalis neurons. Journal of 

           Neuroscience 18, 2653-2666.     

CELESIA, G.  G.  &  JASPER,  H.  H.  (1966) Acetylcholine released  from cerebral cortex in 

           relation to state of activation. Neurology 16, 1053-1064.

DECKER,  M.  W.  &   MCGAUGH,  J.  L.  (1991)  The role of interactions between the 

           cholinergic system and other neuromodulatory systems  in learning and memory. Synapse
           7, 151-168.           
DOMYANCIC,  A.  V.  &  MORILAK,  D.  A.  (1997) Distribution of α1A  adrenergic receptor mRNA in the rat brain visualized by in situ hybridization. Journal of Comparative Neurology 386, 358-378.

DRINGENBERG,  H.  C. & VANDERWOLF,  C.  H.(1997) Neocortical  activation: modulation by multiple pathways acting on central cholinergic  and serotonergic systems. Experimental Brain Research 116, 160-174.

DRINGENBERG,   H.  C.  & VANDERWOLF, C.  H. (1998) Involvement  of direct and indirect pathways in electrocorticographic activation. Neuroscience and Biobehavioral Reviews 22, 243-257.

DUQUE,   A.,  BALATONI,  B.,  DETARI,  L.  &  ZABORSZKY,  L. (2000) EEG correlation of the  discharge properties of identified neurons in the basal forebrain. Journal of Neurophysiology 84, 1627-1635.

FOOTE,  S.  L.  &  ASTON-JONES,  G.  S.  (1995) Pharmacology and physiology of central nordarenergic systems. In: Psychopharmacology: the fourth generation of progress. 

           (edited by  BLOOM, F. E. &  KUPFER, D. J.) pp. 335-345.  New York: Raven Press.

FORT,  P.  KHATEB,  A.  PEGNA,  A., MUHLETHALER,  M.  &  JONES,  B.  E.  (1995) Noradrenergic  modulation of cholinergic nucleus basalis neurons demonstrated by in vitro pharmacological  and  immunohistochemical evidence in the guinea-pig brain. European Journal of  Neuroscience 7, 1502-1511.

GERVASONI,  D.,  DARRACQ,  L.,  FORT,   P.,  SOULIERE,  F.,  CHOUVET,  G.  &  LUPPI,  P.–H.  (1988) Electrophysiological evidence that noradrenergic neurons of the rat locus coeruleus   are  tonically inhibited by GABA during sleep. European Journal of Neuroscience 10, 964-970.

GROVE, E. A. (1988). Neural associations of the substantia innominata in the rat: afferent connections. Journal of Comparative Neurology 277, 315-346.

HAROUTUNIAN,  V.,  KANOF,  P.  D.  TSUBOYAMA,  G.  &  DAVIS,  K.  L. (1990) Restoration of cholinomimetic  activity by clonidine in cholinergic plus noradrenergic lesioned rats. Brain Research 507, 261-266.

HEIDER,  M.,  SCHLIEBS,  R.,  ROSSNER,  S.  &  BIGL,  L.  (1997) Basal forebrain cholinergic immunolesion by 192IgG-sporin: Evidence for a presynaptic location of subpopulations of  alpha2-and beta-adrenergic as well as 5-HT2A receptors on cortical cholinergic terminals. Neurochemistry Research 22, 957-966.

HUDSON,  A.  L.,  MALLARD,  N.  J.  TYACKE,  R.  &  NUTT,   D.  J. (1992) [3H]-RX821002: A highly selective ligand for the identification of alfa2-adrenoreceptors in the rat brain. Molecular Neuropharmacology  1, 219-229.

JACOBS,  B.  L. (1987) Brain monoaminergic unit activity in behaving animals. Progress of  Psychobiology, Physiology, Psychology 12, 171-206.

JASPER,  H.  H.  &  TESSIER,  J. (1971) Acetylcholine liberations from cerebral cortex during paradoxical (REM) sleep. Science 172, 601-602.


KANAI,  T.  &  SZERB,  J.  C. (1965) Mesencephalic reticular activating system and cortical acetylcholine output. Nature 205, 80-82.

KING,  P.  R.,  GUNDLACH,  A.  L.  &   LOUIS,  W.  J. (1995)  Quantitative autoradiographic localization in rat brain of α2-adrenergic and non-adrenergic I-receptor binding sites labelled by  [3H]rilmenidine.  Brain Research 675, 264-278.

KISS,  J.,  PATEL,  A.  J.  &  HALASZ, B. (1993)  Colocalization of NGF receptor with VIP in the rat suprachiasmatic neurons. Neuroreport 4, 1315-1318.

LEE,  A.,  ROSIN,  D.  L.,  &   VAN  BOCKSTAELE,   E.  J.  (1998b)  α2A-adrenergic receptors in the rat nucleus locus coeruleus: subcellular localization in catecholaminergic dendrites, astrocytes, and presynaptic axon terminals. Brain Research 795, 157-169.

LEE,  A., TALLEY,  E.,  ROSIN,  D.  L.  &  LYNCH,  K.  R. (1995) Characterization of α2A-adrenergic receptors in GT1 neurosecretory cells. Neuroendocrinology 62, 215-225. 

LEE,  A., WISSEKERKE,  A.  E., ROSIN,  D.  L.  &  LYNCH,  K.  L. (1998a) Localization of α2C-adrenergic receptor immunoreactivity in catecholaminergic neurons in the rat central nervous system. Neuroscience 84, 1085-1096.

LIPSCOMBE,  D.,  KONGSAMUT,  S.  &  TSIEN,  R.  W. (1989) Alfa2-adrenergic receptor inhibition of sympathetic neurotransmitter release mediated by modulation of N-type calcium-channel gating. Nature 340, 634-642.

MANNS,  I.  D., ALONSO,  A.  &  JONES,  B.  E . (2000a) Discharge properties of

 juxtacellularly labeled and immunohistochemically identified cholinergic basal forebrain

 neurons recorded in association with the electroencephalogram in anesthetized rats.

 Journal  of Neuroscience  20, 1505-1518 

MANNS,  I.  D.,  ALONSO,  A.  &  JONES,  B.  E. (2000b) Discharge profiles of juxtacellularly labeled and immunohistochemically identified GABAergic basal forebrain neurons recorded in association with the electroencephalogram in anesthetized rats. Journal of  Neuroscience 20, 9252-9263

MANNS, I. D., LEE, M. G., MODIRROUSTA, M., HOU, Y. P. & JONES, B. E. (2003) Alpha 2 adrenergic receptors on GABAergic, putative sleep-promoting basal forebrain neuron . European Journal of Neuroscience 18, 723-727. 

MARIGHETTO,  A.,  DURKIN,  T.  TOUMANE,  T.,  LEBRUN,  C.  &  JAFFARD,  R. (1989) Septal alpha-noradrenergic antagonism in vivo blocks the testing-induced activation of septo-hippocampal cholinergic  neurons and produces a concomitant deficit in working memory performance of mice. Pharmacology, Biochemistry and Behaviour 34, 553-558. 

MESULAM,  M.  M.,  MUFSON,  E.  J., WAINER,  B.  H.  &  LEVEY,  A.  I. (1983) Central cholinergic pathways in the rat: an overview based on an alternative nomenclature (Ch1-Ch6). Neuroscience 10, 1185-1201.

MILNER,  T.  A., LEE,  A.,  AICHER,  S.  A.  &  ROSIN,  D.  L. (1998)  Hippocampal α2A-adrenergic receptors are located predominantly presynaptically but are also found postsynaptically and in selective astrocytes. Journal of Comparative Neurology 395, 310-327.

MILNER,  T.  A.,  ROSIN,  D.  L.,  LEE,  A.  &  AICHER,  S.  A. (1999) Alpha 2A-adrenergic receptors are primarily presynaptic heteroreceptors in the C1 area of the rat rostral ventrolateral medulla. Brain Research 821, 200-211.

NICHOLAS,  A.  P.  PIERIBONE,  V.  &  HŎKFELT,  T. (1993) Distributions of mRNAs for alpha-2 adrenergic receptor subtypes in rat brain: An in situ hybridization study. The Journal of Comparative Neurology 328, 575-594.

PAXINOS,  G.  &  WATSON,  C.  (1998) The rat brain in stereotaxic coordinates. New York: Academic Press.

PICKEL,  V.  M.  NIRENBERG,  M.  J.  &    MILNER,  T.  A.  (1996) Ultrastructural view of central catecholaminergic transmission: immunocytochemical localization of synthesizing enzymes, transporters and receptors. Journal of Neurocytology 25, 843-856.

PIERIBONE,  V.  A.  NICHOLAS,  A.  P.,  DAGERLIND,  Å.  &  HŎKFELT,  T. (1994) Distribution of α1 adrenoreceptors in rat brain revealed by in situ hybridization experiments utilizing subtype-specific probes. Journal of Neuroscience 14, 4252-4268.

RAMESH,  V.,   KUMAR,  V.  M.,  JOHN,  J.  &  MALLICK,  H. (1995) Medial preoptic alpha-2 adrenoceptors in the regulation of sleep-wakefulness. Physiology and Behavior 57, 171-175.

ROSIN,  D. L. (2000)  Distribution of α2A- and α2C- adrenergic receptor immunoreactivity in the central nervous system. In Methods in Molecular Biology 126, Adrenergic Receptor  Protocols (edited by  MACHIDA, C.A.) pp. 475-505. Totowa, NJ: Humana Press Inc.

ROSIN,  D.  L.,  ZENG,  D., STORNETTA,  R.  L.,  NORTON,  F.  R.,  RILEY,  T.,  OKUSA,  M.  D.,   GUYENET,  P.  G.  & LYNCH,  K.  R.  (1993) Immunohistochemical localization of  α2A-adrenergic receptors in catecholaminergic and other brainstem neurons in the rat. Neuroscience 56, 139-155.

ROSIN,  D.  L.,  TALLEY,  E.  M.,  LEE,  A.,  STORNETTA,  R.  L.,  GAYLINN,  B.  D.,  GUYENET,  P.  G.  &  LYNCH,  K.  R.  (1996)  Distribution of α2C-adrenergic receptor-like immunoreactivity in the rat central nervous system.  Journal of Comparative Neurology 372, 135-165.

RUFFOLO,  R. R., NICHOLS, A. J., STADEL, J. M. & HIEBLE J. P. (1991) Structure and function of alpha-adrenoreceptors. Pharmacology Review 43, 475-505.

RYE, D. B., WAINER, B. H., MESULAM, N.-M., MUFSON, E. J. & SAPER, C. B. (1984). Cortical projections arising from the basal forebrain: A study of cholinergic and noncholinergic components employing combined retrograde tracing and immunohistochemical localization of choline acetyltransferase. Neuroscience 13, 627-643.

SCHEININ,  M.,  LOMASNEY,  J.  W.,  HAYDEN-HIXSON,  D.  M.,  SCHAMBRA,  U.  B.,  CARON,  M.  G.,  LEFKOWITZ,  R.  J.  &  FREMEAU,  R.  T. (1994) Distribution of  α2-adrenergic receptor subtype gene expression in rat brain. Molecular Brain Research 21, 133-149.

SOMOGYI,  P.  &  TAKAGI,  H. (1982) A note on the use of picric acid-paraformaldehyde-glutaraldehyde fixative for correlated light and electron microscopic immunocytochemistry. Neuroscience 7, 1779-1784.

SUN, N. & CASSEL, M.D. (1993) Intrinsic GABAergic neurons in the rat central extended amygdala. Journal of Comparative Neurology 390, 381-404.

TALLEY,  E.  M.,  ROSIN,  D.  L.,  LEE,  A.,  GUYENET,  P.  G.  &  LYNCH, K.  R. (1996) Distribution of α2A-adrenergic receptor-like immunoreactivity in the rat central nervous system. Journal of Comparative Neurology 372, 111-134.

UNNERSTALL,   J.  L.,  KOPAJTIC,   T.  A.  &  KUHAR,  M.  J. (1984) Distribution of alpha 2 agonist binding sites in the rat and human central nervous system: analysis of some functional, anatomical correlates of the pharamacologic effects of clonidine and related adrenergic agents. Brain Research 19, 69-101.

VEINANTE, P., STOECKEL, M.-E., FREUND-MERCIER, M.-J. (1997). GABA- and peptide-immunoreactivities co-localize in the rat central extended amygdala. NeuroReport 8, 2985-2989.

VENKATESAN,  C.,  SONG, X-Z.,  GO,  C.–G., KUROSE,  H.  &  AOKI,  C. (1996) Cellular and subcellular distribution of α2A-adrenergic receptors in the visual cortex of neonatal and adult rats. Journal of Comparative Neurology 365, 79-95.

VIZI,  E. S. (1980)  Modulation of cortical release of acetylcholine by noradrenaline released from nerves arising from the rat locus coeruleus. Neuroscience 5, 2139-2144.

WILLIAMS,  J.  T.  &  REINER, P. B. (1993) Noradrenaline hyperpolarizes identified rat mesopontine cholinergic neurons in vitro. Journal of Neuroscience 13, 3878-3883. 

WINZER-SERHAN,  U.  H.,  RAYMON,  H.  K.,  BROIDE,  R.  S., CHEN,  F.  M.  &  LESLIE,  F.  M. (1997)  Expression of α2 adrenoceptors during rat brain development-I. α2A messenger RNA expression. Neuroscience 76, 241-260.

ZABORSZKY,  L.,  HEIMER,  L.,  ECKENSTEIN,  F.  &  LERANTH, C. (1986) GABAergic input to cholinergic forebrain neurons: an ultrastructural study using retrograde tracing of HRP and double immunolabeling. Journal of Comparative Neurology 250, 282-295.

ZABORSZKY,  L.,  PANG,  K.,  SOMOGYI,  J.,  NADASDY,  Z.  &  KALLO,  I. (1999) The basal forebrain corticopetal system revisited. Annals of the New York Academy of Science 877, 339-367.

ZABORSZKY,  L.,  CULLINAN,  W.  E.  &  LUINE, V.  N. (1993) Catecholaminergic-cholinergic interaction in the basal forebrain. Progress in Brain Research 98, 31-49.

ZABORSZKY,  L.  &  CULLINAN,  W.  E. (1996) Direct catecholaminergic-cholinergic interactions in the basal forebrain. I. Dopamine-β-hydroxylase- and tyrosine hydroxylase input to cholinergic neurons. Journal of Comparative Neurology 374, 535-554.

ZABORSZKY,  L.,  KISS,  J.  &  ROSIN,  D.  L.   (1995) Alpha2A-adrenergic receptors are present in basal forebrain cholinergic projection neurons. Society for Neuroscience Abstract  21, 69.

ZABORSZKY,  L., DUQUE,  A. (2003)  Sleep-wake mechanisms and basal forebrain circuitry.

               Frontiers in Bioscience 8, d1146-1169. [PubMed#:12957822] URL:

               http:/www.bioscience.org /current/vol8.htm

ZENG, D.  &  LYNCH,  K.  R. (1991) Distribution of alpha2-adrenergic receptor mRNAs in the


 rat CNS. Molecular Brain Research 10, 219-225.
�Rat or mouse??


�Is this dilution correct?  It is a very low concentration of antibody – much below what we have used in the past.


�What concentration of GST?


�Commercial source?


�Micrograms??


�Source?


�Source?


�How far apart?


�I’m amazed that you were able to get labeling at EM with this low a concentration of Ab!!  We often use a 10X concentration for EM especially for gold labeling.  What’s your trick?


�Does this include single and double labeled neurons? How many α2A-AR neurons?


�I’m confused.  I assume your are describing double labeled neurons (A & B) and single labeled neurons (C-E)?  I think I’ve corrected the text to clarify this but if not please change it as needed. Also, it is confusing to describe puncta when referring to ChAT immunoreactivity when 2A-AR immunoreactivity is so distinctively punctate.  Maybe you could use the word “granular” for ChAT-ir.  Also, I don’t know that I would make a point of describing single labeled cholinergic neurons when the purpose of the paper is identify double labeled neurons.  How about mentioning the single label 2A  neurons in the text that you show in the Fig 1?


�Is this correct?


�You’ve identified these neurons in the figure as soley cholinergic but if they have grey-brown product, wouldn’t this be 2A-ir not ChAT-ir?


�Do you have counts for separate regions that you could put in table form?


�From 1 rat or multiple rats? How many rats?


�For my own knowledge, do you see this as a particular advantage?


�I deleted “involved in” because that implies that the receptors  may play a functional role in synthesis, storage or trafficking whereas we only know that the receptors are found here.  More likely we are seeing receptors that have been recently  synthesized or are being stored or are in a stage of intracellular trafficking.


�Although not essential, you could also cite some of the rather large body of literature on the cell biology of α2A-ARs, including for example the work of von Zastrow.


�Why putative?


�Suggestion: it might be more clear to refer the ChAT labeling as “diffuse” and AR labeling as “punctate” so as not to confuse the 2.


�#


�Or could they be less intensely labeled cells?


�Insert AR immunoreactivity?


�Insert # microns.


�Insert # microns


�add note that terminal makes asymmetric synapse? 


�# microns
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