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Abstract

The developing cerebral cortex is likely to exhibit synaptic circuitries differing from those in adulthood, due to the
asynchronous maturation of the various neurotransmitter systems. Two antisera directed against mammalian
/3-adrenergic receptors (/3AR), /3AR248 and /3AR404, were used to characterize the laminar, cellular, and
subcellular distributions of /3AR in postnatally developing visual cortex of rats. The antigenic sites were the
receptor's third intracellular loop for /3AR248 and the C-terminus for /3AR404. During week 1, most of the
/3AR404- and /3AR248-immunoreactive sites were dendritic. Morphologically identifiable synapses were rare, even
in layer 1: yet, semiquantitative analysis revealed that /3AR404-immunoreactive synapses comprise half of those in
layer 1. During week 2, the two antisera began to diverge in their immunoreactivity patterns. With /3AR248, there
was an overall decline in immunoreactivity, while with /3AR404, there was an increase in immunoreactive sites,
primarily due to labeled astrocytic processes that increased 200-fold in areal density by week 3. In contrast, the
areal density of synaptic labeling by /SAR404 barely doubled, in spite of the 30-fold increase in areal density of
synapses. These results suggest that /3AR undergo conformational changes during early postnatal periods, causing
alterations in their relative antigenicity to the two antisera. Furthermore, the first 2 weeks appear to be characterized
by modulation of earliest-formed synapses, and the subsequent phase is marked by addition of astrocytic responses
that would be more diffuse temporally and spatially. Activation of /3AR is recognized to increase visually evoked
activity relative to spontaneous activity. Moreover, astrocytic /JAR are documented to regulate extracellular
concentrations of glutamate, ATP, and neurotrophic factors important for the formation of binocular connections.
Thus, neuronal and astrocytic responses may, together and in tandem, facilitate strengthening of intracortical
synaptic circuitry during early life.

Keywords: Synaptogenesis, infrastructure, Immunoelectron microscopy, Norepinephrine, Neuromodulation,
Presynaptic

Introduction

Although it is recognized that nearly all of the morphologically
identifiable synapses in the adult visual cortex are formed after
birth (Cragg, 1975; Blue & Parnavelas, \9S3a,b), relatively little is
known about the emergence of chemically identified synapses dur-
ing postnatal development. Noradrenergic axons enter the cortical
mantle prenatally and prior to the entry of thalamic afferents (Coyle
& Molliver, 1977; Levitt & Moore, 1979). Thus, these axons are in
place to form some of the very first cortical synapses (Molliver &
Kristt, 1975). An idea has been put forth that noradrenaline, to-
gether with acetylcholine, may have a role during development
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that is distinct from that in adulthood—namely, to support the
formation of excitatory and inhibitory synapses in cortex—and
that this process yields receptive-field properties mirroring early
postnatal experience (Bear & Singer 1986; Gordon et al., 1990;
Kasamatsu, 1991). However, while results obtained from receptor
autoradiography indicate that lesion of thalamic sensory afferents
can cause decrease of /3-adrenergic receptor (/JAR) density in the
visual cortex (Vos et al., 1990; Liu et al., 1993), visual deprivation
during the critical period for ocular dominance plasticity has little
effect on the laminar distribution of /JAR there (Wilkinson et al.,
1983; Aoki et al., 1986). Moreover, the adult pattern of /JAR
distribution across the layers of the visual cortex appears to be
established prior to the onset of critical period (Aoki et al., 1986).
These findings suggest that developmental plasticity is dependent
on a biochemical event distal to /JAR activation, rather than alter-
ation of /JAR expression itself. Alternatively, receptor autoradiog-

1129

https://doi.org/10.1017/S0952523800011822 Published online by Cambridge University Press

https://doi.org/10.1017/S0952523800011822


1130 C. Aoki

raphy could fail to detect some developmental changes, such as in
the cellular and subcellular distribution of receptors or the inser-
tion of receptors at newly formed synapses that occur during the
critical period and/or in response to visual deprivation. Thus,
electron-microscopic immunocytochemistry was used to deter-
mine the following: (1) How early /3AR-modulated synapses form;
and (2) Whether nascent and mature noradrenergic synapses ex-
hibit classic morphological signatures. The second issue was
prompted by the observation that noradrenergic fibers in adult
cortex rarely form morphologically identifiable synaptic junctions
(Descarries et al., 1977; Seguela et al., 1990) and that mature
dendrites display al- and /3AR at nonjunctional sites (Aoki, 1992;
Venkatesan et al., 1996). These data suggest a nonjunctional mod-
ulation by noradrenaline. To determine whether the neonatal cortex
also exhibits these characteristics, we used two antisera generated
against mammalian /JAR (hamster lung, /32-type) to determine the
receptor's cellular and subcellular localization within developing
visual cortices of rats. The antisera recognize both the /31- and
/32-subtypes (Strader et al., 1987a,£>). Earlier observations indi-
cated that the antiserum, /3AR404, directed against the C-terminus
of /3AR, recognizes astrocytes, predominantly, in the adult cerebral
cortex (Aoki, 1992) and other brain regions (Aoki & Pickel, 1992),
but neuronal processes in neonatal cortices (Aoki & Venkatesan,
1994). To examine this phenomenon more closely, semiquantita-
tive survey of/3AR404-immunoreactivity (ir) also was carried out
and the following questions were asked: (1) What are the areal
densities of /?AR404-ir in neuronal and glial processes at varying
postnatal ages? (2) What portion of neuronal /JAR404-ir occur at
morphologically identifiable synaptic junctions? (3) What portion
of /?AR404-ir occur postsynaptically versus presynaptically? The
analysis was performed upon layer 1 or its embryonic anlage, the
marginal zone, since this layer contains the highest density of
noradrenergic fibers (Morrison et al., 1978) and /3AR (Schliebs &
Godicke, 1988) in adulthood.

Methods

Source of immunoreagents

Antisera directed against /JAR were generous gifts from Dr. C. D.
Strader of Merck Sharp and Dohme Research Laboratories (Rah-
way, NJ). These antisera were generated using synthetic peptides
corresponding to amino acids 248-254 and 404-418 of hamster
lung (/32-type) adrenergic receptors (Dixon et al., 1986). Here,
they will be referred to as /3AR248 and /3AR404, respectively. The
specificity of /3AR404 and /3AR248 for /JAR was demonstrated
earlier using the Western blot method and showing that cell lines
transfected with mutants deleted in the C-terminus are not immuno-
reactive for 0AR4O4 (Strader et al., 1987*). Specificity of antisera
also was demonstrated by immunoprecipitation of l25I-cyano-
pindolol-radiolabeled /3AR (Strader et al., 1987a). Further studies
on their specificity was performed in the current study, as sum-
marized below under "Control." Biotinylated goat-anti-rabbit IgG
and the avidin-biotinylated peroxidase complex were purchased
from Vector (Burlingame, CA) as the Vector Elite Kit.

Preparation of brain tissue

Earlier studies indicated that the addition of acrolein to the fixative
greatly enhances preservation of the ultrastructure without dimin-
ishing /3AR antigenicity (Aoki et al., 1987; Aoki, 1992). Thus,
visual cortical sections of varying ages were prepared from brains

transcardially fixed with a mixture of acrolein and paraformalde-
hyde. Six adult rats and three litters of neonatal rats (n = 35) were
used. The age of neonatal rats ranged from postnatal day (PND) 0
(= birthday) to 30, at which time ultrastructural features are re-
ported to be nearly indistinguishable from those of adults (Blue &
Parnavelas, \9S3a,b). Two were perfused at PND 0, 12 at PND
2-4, six at PND 6-7, six at PND 9-10, four at PND 13/14, two at
PND 18, two at PND 24, and one at PND 30. All rats were
anesthetized using Nembutal (50 mg/kg bodyweight). Upon con-
firmation that they did not respond to light tactile stimulation of
the cornea, these animals were rapidly perfused through the as-
cending aorta or left ventricle with the following solutions using a
peristaltic pump: (1) heparinized saline, maintained at pH 7.4 using
0.01 M phosphate buffer (PB), for about 1 min; then (2) 50 ml of
an aldehyde mixture consisting of 3% acrolein and 4% freshly
prepared paraformaldehyde, buffered to pH 7.4 using 0.1 M PB;
followed by (3) 4% paraformaldehyde alone, buffered with 0.1 M
PB. Adults were perfused at a rate of 70 ml/min. Neonates were
perfused at slower rates ranging from 15 to 50 ml/min. Adult rat
brains were sectioned on the same day using a Vibratome at a
thickness of 40 /xm. Neonatal tissue were postfixed overnight at
room temperature in perfusate (3), then sectioned at a thickness
ranging from 60 to 100 jum. Sections were immersed in a solution
containing 1% sodium borohydride in 0.1 M PB to terminate fur-
ther cross-linking of proteins by the aldehydes (King et al., 1983).
After rinsing in 0.1 M PB, these sections were rinsed in 0.1 M
Tris-buffered saline (TBS) adjusted to pH 7.6 using HC1.

Light-microscopic immunocytochemistry

The avidin-biotinylated peroxidase complex method of Hsu (1981)
was used to visualize immunoreactive sites. Previous studies using
adult tissue had shown that a dilution ranging from 1:1000 to
1:2000 for the primary antiserum and an incubation time of ca.
18 h at room temperature was optimal for differentiating back-
ground labeling from specific labeling to reach antigenic sites
(Aoki, 1992). This protocol was followed for the series of exper-
iments presented here. It was also shown previously that the ad-
dition of permeabilizing agents, such as Triton X-100, was not
necessary for these antisera (Aoki, 1992). Thus, all incubation
solutions in this study were without membrane-permeabilizing
agents. Sections were mounted on gelatin-coated slides and exam-
ined using an Olympus light microscope.

Electron-microscopic immunocytochemistry

Sections processed for immunocytochemistry were postfixed by
immersing them for 10 min at room temperature in saline contain-
ing 2% glutaraldehyde and buffered with 0.1 M PB. Fixation was
terminated by rinsing sections repeatedly in saline (0.9% sodium
chloride) buffered with 0.01 M PB. All sections were further post-
fixed for 1 h with 2% osmium tetroxide buffered by 0.1 M PB, then
rinsed in 0.1 M PB. Prior to infiltration in the resin, EMBED 812
(EMS), sections were immersed in 70% ethanol containing 2%
uranyl acetate for 1 h or overnight, then dehydrated further using
90% and 100% ethanol. Following two immersions in 100% ace-
tone for 10 min each, sections were transferred into a mixture
consisting of 50% acetone and 50% EMBED 812. This was fol-
lowed by an incubation in 100% EMBED 812 resin for 2 h or
overnight. Sections then were flat-embedded between two sheets
of Aclar plastic and cured overnight in an oven set to 60°C. Sub-
sequently, regions containing all layers of area 17 of the visual
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cortex were re-embedded in Beem capsules, and sectioned at thick-
nesses ranging from 70 to 100 nm. Some of the ultrathin sections
were counterstained with lead citrate to facilitate visualization of
details while others were left unstained in order to optimize de-
tection of immunoperoxidase labels over electron-dense organ-
elles, such as postsynaptic densities.

Control immunocytochemical staining procedures

To determine whether the immunostaining pattern was specific,
some sections were incubated with a 1:2000 dilution of the antisera
that had been preadsorbed. The preadsorption was achieved by
incubating 2.5 ml of the antisera, diluted to 1:2000, with 3 mg of
synthetic peptides for 18 h at room temperature. The peptides
contained a sequence with exact correspondence to the antigens
used for generating the respective rabbit polyclonal antisera. Spe-
cifically, the peptides corresponded to the third intracellular loop
portion (residues 247-258 of hamster lung /3AR; H-QVEQDGR
SGHGL-OH) and C-terminus (residues 404-418; H-CLDSQGRN3
STNDSPL-OH where 3 = norleucine). These peptides were custom-
made by Research Genetics, Inc. (Huntsville, AL).

Semiquantitative analysis of ultrathin sections

Analysis of/3AR404-ir sites was performed upon layer 1 (marginal
zone) of various ages to determine the areal density of immuno-
labeled dendritic shafts, dendritic spines, axons, and astrocytes.
For each dendritic and axonal profile, the presence or absence of
morphologically identifiable synapse was noted. Furthermore, the
areal density of all morphologically identifiable synaptic junctions,
whether or not labeled, was determined. The data were collected
strictly from portions of the ultrathin sections exhibiting tissue-
resin interface. To determine the area of the analyzed region, a
low-magnification electron micrograph (750X) of the surveyed
grid square was taken. Using a digitizing software (NIH Image),
the surveyed neuropil area was measured, excluding portions oc-
cupied by blood vessels (including the basal lamina), nuclei, and
pure resin. These analyses should be considered semiquantitative,
rather than quantitative, because age-dependent and interanimal
variabilities in tissue fixation and efficiency of immunoreactivity
could not be assessed quantitatively. However, interexperiment
variabilities were minimized by processing tissue of different ages
in equivalent incubation buffers.

Results

Identification of the emerging laminar boundaries within neonatal
visual cortex was greatly facilitated by using near-adjacent Nissl-
and cytochrome oxidase-stained reference sections. In earlier stud-
ies on the developing rat visual cortex, Kageyama and Robertson
(1993) and Aoki et al. (1994) used the terms, "marginal zone," for
future layer 1 and "cortical plate" for future layers 2-4 at PND 0-2
and layers 2-3 at PND 4. This report follows that terminology.

Light microscopy revealed that the immunocytochemical stain-
ing patterns with both /3AR248 and /JAR404 resembled the Nissl
staining pattern during the first week, indicating that neuronal
perikarya were the predominant immunoreactive elements for the
two antisera. During the second week, /?AR248-ir weakened pro-
gressively while /3AR404-ir persisted but switched from predom-
inantly neuronal to predominantly astrocytic sites.

Laminar distribution of /3AR248-ir

Application of the antiserum directed against the third intracellular
loop, /3AR248, resulted in robust labeling of neurons as early as
PND 0 (not shown). Throughout the layers, the immunolabeling
was mainly in a thin ring of somatic cytoplasm. There was no
apparent dendritic labeling. By PND 4, the neuronal cell bodies in
layer 6b (Fig. 1C), as well as those in layer 5 (Fig. 1A), attained
greater immunoreactivity and were of distinctly larger diameter
than those in layer 4 (Fig. IB). Apical dendrites associated with
neurons of layer 6 also were intensely immunoreactive. In contrast,
neurons in the upper strata of cortical plate showed weaker peri-
karyal labeling and virtually no dendritic labeling (Figs. 1A and
IB), as seen at PND 0.

During the following week, change was most notable in the
supragranular layers (referred to as the cortical plate at earlier
stages). This zone, which showed only ill-defined immunoreactiv-
ity at PND 4, began to exhibit immunolabeled neuronal perikarya
and proximal dendrites, including apical dendrites (Figs. 2A and
2B). Strong immunoreactivity persisted in layer 6b, where peri-
karya began to exhibit adult-like fusiform morphology and immu-
noreactivity in the basal dendrites (Fig. 2C). Apical dendrites as
well as perikarya of pyramidal neurons in layers 5 (Fig. 2A) and
6a (Fig. 2C) continued to exhibit prominent immunoreactivity
(Fig. 2C), while neuropil labeling in layer 1 declined (Figs. 2A and
2B).

Beyond the second week, perikaryal and dendritic labeling de-
clined precipitously (not shown). Neuropil labeling appeared ho-
mogeneous, as seen in adulthood (Aoki, 1992). Attempts to enhance
immunolabeling by extending primary antisera incubation or the
peroxidase reaction durations resulted in diffuse perikaryal label-
ing without any resolvable labeling of dendrites or of finer pro-
cesses. Increases in primary antibody concentration enhanced
nonspecific labeling, only.

Subcellular distribution of fiAR248-ir

Electron microscopy revealed that, at PND 4, many of the immu-
noreactive dendrites exhibit irregular contours and lack identifi-
able cytoskeleton, indicating that these are growth cones (Fig. 3).
Smooth saccules within dendritic growth cones were immunoreac-
tive (Fig. 3B) as were portions of the plasma membrane lacking
identifiable synaptic specialization (Fig. 3A). Some of the den-
dritic processes appeared to surround axon terminals, suggesting
that these dendrites are more malleable than the axons' extending
tips (Fig. 3A). The immunoreactive postsynaptic densities were of
the thick type, similar to Gray's type 1 asymmetric excitatory
synapses (Gray, 1959).

The precipitous, global decrease in immunoreactivity by the
third postnatal week, as seen by light microscopy, correlated with
increasingly confined subcellular distributions of immunoreactiv-
ity. Typically, immunoreactivity occurred within small spines
(<0.5 /am in diameter) (Fig. 3C). Within such immunoreactive
spines, labeling was concentrated over postsynaptic densities, al-
though not strictly confined to these sites (Fig. 3C). By PND 14,
immunolabeling was also detectable within axons (not shown) and
along astrocytic plasma membranes (Fig. 3D).

Laminar distribution of fiAR404-ir

At the earliest age examined, i.e. PND 0-2, immunoreactivity was
most robust in the white matter and future layer 1, i.e. the marginal
zone (Fig. 4). In the white matter, immunoreactivity was apparent
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Fig. 1. Light micrographs depicting the laminar distribution of /3AR248-ir
at PND 4. A: Immunoreactivity is particularly intense in the marginal zone
(M) and where marked by asterisks, in layers 4 and 5 as well as 6b. B:
Higher magnification shows small unlabeled perikarya in the most super-
ficial tier of the cortical plate (arrowheads) and intensely immunoreactive
perikaryal cytoplasm below (arrows at the bottom). C: In the deepest
layers, immunoreactivity is intense within perikarya of pyramidal neurons
(arrowhead) as well as their apical dendrites (small arrows), wm: white
matter. Scale bar = 200 /xm in A, 50 /xm in B and C.

within many perikarya that were devoid of immunoreactive pro-
cesses (Fig. 4C). Within the marginal zone, immunoreactivity con-
sisted of a dense collection of small puncta, barely resolvable
even with the aid of Nomarski-differential interference contrast
(Fig. 4B). Just below the marginal zone, immunoreactivity was con-
centrated over short processes of unidentifiable origins (Fig. 4B).

The diffuse immunoreactivity that spanned the cortical plate at
PND 2 showed remarkable changes during the next 2 days. By
PND 4, the base of the cortical plate began to exhibit distinctly
immunoreactive dendrites arising from the apex of neuronal peri-
karya residing in layer 4 (Figs. 5A and 5C). Immunoreactivity
within these apical dendrites could be followed into the cortical
plate above layer 4 (Fig. 5A). Small immunoreactive puncta per-
sisted in the marginal zone (Fig. 5B) and in layer 6B (Fig. 5A). In
addition, the transition zone between the marginal zone and the
cortical plate exhibited intense immunoreactivity (Fig. 5B). In the
white matter, the perikarya began to exhibit more prominent pro-
cesses. These processes appeared to reach towards processes ex-
tending from neighboring immunoreactive perikarya (Fig. 5D).

During the second postnatal week, /3AR404-ir intensified
throughout the cortical layers. Immunoreactivity within all of the
layers consisted of clustered puncta in the neuropil (Fig. 6A).
Immunoreactivity within perikarya was relatively less intense
(Fig. 6B). In addition, immunoreactivity in layer 6a consisted of
thick processes pointing towards pial surfaces (not shown), while
those in layer 6b consisted of radiating processes emerging from
small perikarya, most likely of astrocytes (Fig. 6B). This pattern of
immunolabeling persisted beyond the second postnatal week.

Subcellular distribution of fiAR404-ir

Ultrastructural examination of immunoreactive puncta in the mar-
ginal zone of PND 4 tissue revealed that these reflect discrete
clusters of immunoreactivity along the plasma membrane of den-
drites. Most of these were apparently nonsynaptic clusters within
dendritic growth cones (Fig. 7A), while others reflected concen-
tration of immunoreactivity over postsynaptic densities and nearby
saccules (Fig. 7B). Immunoreactivity also occurred diffusely within
elongated processes which could not be identified as axonal, den-
dritic, or astrocytic (Figs. 7B).

In the cortical plate, perikarya occurred closely packed against
one another, as there were very few dendritic, axonal, or astrocytic
processes occupying the neuropil. In this layer, immunoreactivity
was largely confined to patches of perikaryal plasma membrane
with slight diffusion of the diaminobenzidine (DAB) reaction prod-
uct into the cytoplasm (Fig. 8). Examination of the white matter by
electron microscopy revealed that the immunoreactive perikarya
are astrocytic, based on the irregular contour of the plasma mem-
brane and homogeneous distribution of chromatin within nuclei
(Peters et al., 1991) (not shown).

Electron-microscopic examination of tissue during the second
postnatal week revealed a shift in neuronal perikaryal labeling
from plasma membrane to more intracellular domains, such as the
Golgi apparatus and smooth endoplasmic reticulum (not shown).
The most notable change during the second week was the emer-
gence of immunoreactivity within astrocytic processes (Fig. 9).
Astrocytic processes were identified easily by the highly irregular
contour, paucity of organelles, and absence of synaptic junctions.
Immunoreactivity was enriched along their plasma membranes but
was also associated with intracellular saccules.

Immunoreactivity was clearly evident over postsynaptic densi-
ties. The dendrites exhibiting immunoreactive postsynaptic densi-
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Fig. 2. At PND 9, /3AR248-ir is evident in all layers except for 1. A: Arrows point to pyramidal neurons in layer 5 that show
immunoreactivity within perikarya as well as their apical dendrites. B: The light micrograph taken at a higher magnification reveals
that the less intense immunoreactive profiles in the supragranular layers consist of neuronal perikarya (arrowheads) and their apical
dendrites (small arrows). C: Immunoreactivity in layer 6 is clearly identifiable in the neuronal perikarya but excluding the nucleoplasm.
Note the labeling in apical dendrites (small arrows) in layer 6a (above the two lines) and in the basal dendrites (curved large arrow)
in layer 6b (between the two lines to the right). The white matter (wm) is largely devoid of immunoreactivity. Scale bar = 200 fim
in A, 50 /Am in B and C.

ties had smooth contours, unlike those seen at PND 4 (compare
Figs. 9A with 7B). Immunoreactive spines also emerged by PND
10. As seen in tissue from younger animals, immunoreactivity
within dendrites was concentrated over postsynaptic membranes,
but these were contiguous with immunoreactivity along extrasyn-
aptic plasma membrane patches and intracellular saccules in the
immediate vicinity (Figs. 9A and 9C).

Axonal labeling was first noted at PND 7. By PND 10, both
symmetric (Fig. 9B) and asymmetric (not shown) synaptic junctions
associated with immunoreactive presynaptic terminals could be dis-
cerned. These terminals contained numerous, uniformly small, round
vesicles and a small number of dense-cored vesicles (Fig. 9B).

Semiquantitative analysis of layer 1 neuropil (Table 1) indi-
cated that synapses are very sparse during the first week (less than
1 synapse in 2330 fim2). However, among the few that were
present, more than half were immunoreactive for /3AR404 (13 of
the 20 synapses encountered in 4660 /xm2 of surveyed area). There
was no apparent developmental change in the areal density of
synaptic labeling beyond postnatal week 1. However, since the
areal density of synapses increased more than 30-fold from the

first to the third week, the portion of immunoreactive synapses
dropped to less than 5 % of all synapses. Also notable was an
increase in portion of dendritic labeling occurring over synapses:
these increased from two thirds in week 1 to nearly all by week 3.
The presynaptic versus postsynaptic labeling also were changed
from 100% postsynaptic at PND 4 to 80% postsynaptic/20% pre-
synaptic at PND 24. Finally, the areal density of astrocytic labeling
was altered drastically during the sampled postnatal period, show-
ing an approximately 200-fold increase from PND 4 to PND 24,
and nearly 20-fold greater areal density than of synaptic labeling
by PND 24.

Results from control experiments

Light-microscopic analysis showed that the areal density of
/3AR248-ir perikarya, most likely of pyramidal neurons based on
their association with proximal dendrites projecting towards pial
surface, was reduced by greater than 75%. The few that remained
identifiable were close to threshold for immunodetection. Simi-
larly, light-microscopic inspection of /3AR404-ir revealed that the
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Fig. 3. Electron micrographs showing /3AR248-ir in layer 1 at PND 4 and PND 14. A: Two axo-dendritic synapses from PND 4 tissue
are shown. One of these synapses shows immunoreactivity over the postsynaptic plasma membrane (bold arrow opposite of T1, in D1)
and in the nonsynaptic portion of the plasma membrane (small arrow). The immunoreactive dendrite almost envelops the axon terminal.
The open arrow in another dendrite, D2, points to an unlabeled postsynaptic membrane with thin postsynaptic density. Tl and T2 =
unlabeled terminals. B: The immunoreactive dendrite, D, from PND 4 tissue shows highly irregular contours (e.g. curved arrow), no
apparent cytoskeleton, but instead, immunoreactive smooth saccules (small arrows). The postsynaptic membrane is immunoreactive
(bold arrow). C: By PND 14, immunoreactivity is concentrated over postsynaptic densities (arrowhead), although extrasynaptic plasma
membrane is not devoid of immunoreactivity (small arrows), particularly within labeled spines such as this one (LS). D: By PND 14,
immunoreactivity also occurs discretely along the plasma membrane of astrocytic process (small arrows in A). Scale bar = 500 nm.

fine radiating processes were nearly abolished by preadsorption of
the antiserum by the synthetic peptide. Semiquantitative electron
microscopy showed approximately 90% reduction in the areal den-
sity of /3AR404-ir processes within adult visual cortex following
preadsorption of the antiserum by the antigenic peptide.

Discussion

Methodological considerations

This study used the preembedding immunoperoxidase labeling pro-
cedure for electron microscopy because of its exceptional sensi-
tivity in detecting antigenic sites and because of its compatibility

with procedures helpful for ultrastructural preservation of neural
tissue, such as postfixation by osmium tetroxide and uranyl ace-
tate. To further optimize immunodetection, the ultrastructural anal-
ysis was limited to the most superficial portions of Vibratome
sections where access of immunoreagents to antigenic sites would
be maximal. With this approach, immunoreactivity at postsynaptic
membranes, as well as at unexpected sites, such as presynaptic
terminals and membranes of fine astrocytic processes, was un-
ambiguously detected. On the other hand, the approach has well-
known limitations associated with diffusion of immunoperoxidase
reaction products (Sternberger, 1986). For example, since diffusion
of immunoperoxidase reaction products within cytosol is possible,
we cannot be sure that the antigenic sites include membranes of
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Fig. 4. /3AR404-ir at PND 2. A: Immunoreactivity is most
intense in the two extreme layers, i.e. the marginal zone and
the white matter (ventral to layer 6b). B: A higher magnifi-
cation micrograph of the marginal zone (future layer 1) re-
veals that immunoreactivity in this layer occurs as numerous
puncta. The upper most tier of the cortical plate contains fine
short processes (small arrows) and diffuse neuropilar stain-
ing. C: A light micrograph taken at a higher magnification
shows that the intensely labeled perikarya in the white matter
(arrowheads in panels A and C) are unaccompanied by label-
ing in processes. Scale bar = 200 /jm in A, 50 )xm in B
and C.

intracellular organelles, such as vesicles and endoplasmic reticu-

lum, that appear labeled when adjacent to immunoreactive plasma
membranes.

(1AR248 and (iAR404 recognize different populations of cells

The predominant immunodetection of neurons by the third intra-
cellular loop antiserum, /3AR248, is consistent with previous find-
ings using another monoclonal antibody (Aoki et al., 1989), also
directed against the third intracellular loop portion of /3AR. The
astrocytic localization of antigen using the C-terminus antiserum,
/3AR404, also is not surprising in light of the previous observations
that other monoclonal and polyclonal antibodies directed against
the whole /3AR molecule recognize neuronal and astrocytic pro-
cesses (Aoki et al., 1987; Liu et al., 1993). Moreover, we had seen
astrocytic labeling in adult rat and cat brain tissue previously using
the /3AR404 antiserum (Aoki, 1992; Aoki & Pickel, 1992). These
observations suggest qualitative and quantitative differences in the
neuronal versus astrocytic /?AR, particularly in regards to the mol-
ecule's conformation.

Both the C-terminus and the third intracellular loop domains
can be phosphorylated and this, in turn, alters the receptor's asso-
ciation with other intracellular molecules. /3-arrestin is one such
molecule known to bind to phosphorylated C-terminus (Yu et al.,
1993). Gs proteins also interact with the receptor but at the third
intracellular loop (Bouvier et al., 1988). Association by these mol-
ecules may render the antigenic domains more or less immuno-
reactive to the antisera. Experiments that correlate immunoreactivity
with posttranslational modifications of /3AR would be necessary to

determine which, if any, of the above events occur during devel-
opment. Even without results from such experiments, there is an
undeniable increase in astrocytic /3AR. On the other hand, results
from such experiments would be helpful in determining whether
the decline in /3AR248-ir or of the unchanging concentration of
/3AR404-ir at morphologically identifiable synaptic junctions dur-
ing postnatal development reflect a decline in the concentration of
neuronal /3AR or of conformational changes in neuronal /3AR
resulting in lowered antigenicity there.

The laminar distribution of f}AR-ir differs
from radioligand binding data

According to receptor autoradiography results, /3AR density in
adult rat cortices is highest in the supragranular layers, moderate in
the infragranular layers, and minimal in layer 4 (Rainbow et al.,
1984; Aoki et al., 1986; Schliebs & Godicke, 1988). The current
immunocytochemical approach has provided information that com-
plements, rather than overlap, with receptor autoradiography re-
sults. Immunoreactivity within neuronal and astrocytic perikarya is
more evenly distributed across the layers but with additional in-
tense immunoreactivity within layer 1 neuropil. This difference
most likely arises because the antisera recognize not only those
receptors that are ligand-binding (and thus detectable by receptor
autoradiography), but also those in perikaryal cytoplasm that are
undergoing desensitization, sequestration, de novo synthesis, or
proteolysis (Strader et al., 1987a,6; Zemcik & Strader, 1988) and,
thus, may not be as easily detected by receptor autoradiography. In
support of the idea that the two antisera recognize receptors un-
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Fig. 5. /3AR404-ir at PND 4. A: At this age, layer 4 has emerged as a layer distinct from the future layers 2/3. Immunoreactivity
predominates in the newly formed layer 4, where individual perikarya and apical dendrites are evident (e.g. three small arrows). Bands
of immunoreactivity are present at the base of the marginal zone (upper asterisk) and in layer 6b (lower asterisk). Intensely immu-
noreactive perikarya persist in layers 5 and 6a. wm = white matter. Large arrow points to pial surface. B: A light micrograph taken
at a higher magnification shows that small immunoreactive puncta in the marginal zone (future layer 1) persist. C: In layer 4, the
immunoreactivity is prominent within perikarya and processes projecting towards pial surface. The immunolabeled perikarya and
processes exhibit a fine granular texture. D: Immunoreactivity in the white matter consists of fine branching processes that emerge
radially from labeled perikarya. Scale bar = 200 yum in A, 50 /xm in B-D.

dergoing turnover, immunoreactivity associated with membranous

organelles involved in the turnover of plasma membrane proteins,

such as the endocytotic and exocytotic vesicles and clear saccules

very near postsynaptic membranes, frequently are immunoreactive.

fiAR is scarce in the cortical plate

At PND 2, layers 2 through 4 are still very immature, and thus, are

referred to as the cortical plate (Kageyama & Robertson, 1993).
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The present electron-microscopic observations confirm this, for
the cortical plate is largely devoid of neuropil. Instead, this layer
consists of tightly packed perikarya, each with very thin perikaryal
cytoplasm. By PND 4, layer 4 neurons begin to extend neurites,
but neurons in the future layers 2 and 3 still are without neurites.

The emergence of /JAR-ir parallels the temporal pattern of
neurite extension, since the cortical plate, containing these imma-
ture neurons, is largely devoid of immunoreactivity, while neurons
located in the deeper layers exhibit prominent apical and basal
dendrites exhibiting y3AR248- and /8AR404-ir. Overall, the emer-
gence of immunoreactivity for both the /3AR248 and /3AR404
follows the inside-out pattern of cortical histogenesis.

fiAR occur at morphologically identifiable synapses and at
apparently nonjunctional sites of mature and immature dendrites

Although the /3AR248 and /3AR404 recognize different popula-
tions of cells in adulthood, morphological details of dendritic sites
detected by the two antisera are similar throughout the ages. Al-
ready by the first postnatal week and throughout the ages, both
antisera clearly detect postsynaptic membranes associated with
thick postsynaptic densities. The major developmental change is in
the calibre of immunoreactive dendrites: with maturation, the large
irregularly shaped dendritic growth cones are replaced by fine
processes, including spines. Moreover, quantitative analysis indi-
cates that nearly all of the /8AR404-ir in dendrites become asso-
ciated with synapses by week 3.

The asymmetric morphology of immunoreactive synapses is
consistent with previous reports stating that noradrenergic ter-
minals form asymmetric synapses within the cerebral cortex
(Olschowka et al., 1981; Parnavelas et al., 1985; Papadopoulos
et al., 1987, 1989). However, based on an earlier study that labeled
/3AR simultaneously with a marker for catecholaminergic termi-
nals (Aoki, 1992), it is also quite possible that the presynaptic
elements at these junctional /3AR-ir sites are not noradrenergic.
Such cases are likely to reflect /JAR-mediated postsynaptic mod-
ulation of glutamatergic synaptic transmission. Our results are con-
sistent with the reports of Descarries et al. (Descarries et al., 1977;
Seguela et al., 1990) who have demonstrated that a majority of
cortical noradrenergic terminals do not form morphologically junc-
tional differentiated synapses, at least in the adult. Indeed, /8AR-ir
usually extends to apparently nonsynaptic portions of the plasma
membrane within spines, and also occurs in large dendrites that
lack morphologically identifiable synaptic inputs.

Thus, /3AR-ir most likely reflects sites of noradrenergic mod-
ulation, responding to noradrenaline released at sites lacking mor-
phologically identifiable synaptic features.

Synaptic /3AR is most prevalent perinatally

The large portion of synaptic /8AR sites detected during the first
week (about 50%), compared to the third week (<5%), indicates

Fig. 6. /3AR404-ir at PND 14. The intense band of immunoreactivity at the
boundary between layers 1 and 2, first noted at PND 4, persists. A: /3AR404-
immunolabeling pattern is punctate (arrows). Immunolabeled neuronal peri-
karya, clearly visible at PND 4, are no longer resolvable. B: /3AR404-
immunolabeling pattern is distributed within fine radiating processes of
astrocytes (clear arrows) in the vicinity of diffusely labeled neuronal peri-
karya (small arrows). In the white matter (wm), immunoreactive glial
processes form rings around blood vessels (arrowhead). Asterisks: blood
vessel lumens. Scale bar =50 /xm in A and B.

https://doi.org/10.1017/S0952523800011822 Published online by Cambridge University Press

https://doi.org/10.1017/S0952523800011822


1138 C. Aoki

Fig. 7. /3AR404-ir in immature neurites of PND 4 mar-
ginal zone as visualized by electron microscopy. A: A
large-caliber dendritic growth cone (D) contains numer-
ous saccules of the endoplasmic reticulum (arrowheads),
indicating robust membrane turnover. /3AR404-ir is evi-
dent along a patch of nonsynaptic plasma membrane
(curved arrows). Other processes above and below D ex-
hibit lighter immunoreactivity (small arrows). B: A den-
dritic shaft (D) exhibits immunoreactivity specifically at
the synaptic junction. Curved arrow: immunolabeled por-
tion of the postsynaptic membrane; open arrow: unlabeled
portion of the postsynaptic density. Straight arrow: im-
munolabeled saccule near the labeled plasma membrane.
Arrowheads: endocytotic saccules which are numerous in
this and other immature dendrites. A group of five arrow-
heads points to a saccule that has fused with the plasma
membrane. The unlabeled presynaptic terminal (T) con-
tains a mixture of small clear vesicles and a dense-cored
vesicle (clear arrow). The vesicles are clustered more heav-
ily near the labeled synaptic specialization. Another la-
beled profile (LP) courses in the immediate vicinity. This
profile exhibits diffuse immunoreactivity near the plasma
membrane (small arrows) and associated with the multi-
vesicular body (mvb). Scale bar = 500 nm.

that, relative to the other neurotransmitters affecting the visual

cortex, noradrenaline has a much more dominant role in modulat-

ing synaptic transmission neonatally. Since the animal's eyes are

still closed for most of this period, noradrenaline might be mod-

ulating synaptic transmission evoked by spontaneous firing of ret-

inal ganglion cells. Although spontaneous firing may not be sufficient

for solidifying binocular connections, this form of activity has

been postulated to play a role in forming a rough organization of

the cortex, such as the cortical columns in the visual cortex of

prenatal primates (Horton & Hocking, 1996). Prior to PND 12,
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Fig. 8. /3AR404-ir within the cortical plate of PND 4 tissue is scarce.
Immunoreactivity is restricted to nonsynaptic portion of the plasma mem-
brane (small arrows) of neuron 1, showing nucleoplasm and scarce cyto-
plasm (Nu 1 and Cy 1) within the plane of section. Arrowhead pairs point to
direct juxtapositions of plasma membranes of neuron 1 and 2. Scale bar =
1 fim.

locus coeruleus neurons, from which noradrenergic fibers origi-
nate, are not responsive to visual stimuli (Nakamura et al., 1987).
Thus, release of noradrenaline into the visual cortex probably is
independent of visually evoked firing of locus coeruleus neurons.
Noradrenaline release may be evoked by nonvisual or spontaneous
firing of the locus coeruleus or be regulated by local cues within
cortical neuropil arising from axo-axonic interactions (Fink et al.,
1990; Wang et al., 1992; Lehmann et al., 1992; Andres et al.,
1993).

/3AR occur in axons

Both /3AR248 and /3AR404 detect axonal processes. /3AR404-ir
axonal processes appear as early as PND 4 and persist at a similar
areal density through PND 14. The presence of large clusters of
vesicles within these immunoreactive axons suggest that these pro-
files are capable of neurotransmitter release even if not at mor-
phologically identifiable synaptic junctions. The immunoreactive
axons form both symmetric and asymmetric synaptic junctions
which, in turn, have been correlated with inhibitory and excitatory
synaptic transmission, respectively (Gray, 1959). Thus, these im-
munoreactive axons may reflect sites where release of inhibitory
and excitatory neurotransmitters is regulated via axo-axonic inter-
actions with noradrenergic terminals. Alternatively, /SAR on axons
may reflect autoreceptors. As of yet, there is no evidence for /3AR-
mediated regulation of noradrenaline release (Chesselet, 1984).
Perhaps /3AR activation regulates a cellular event other than trans-
mitter release, such as motility of axonal growth cones.

Astrocytic /3AR undergo dramatic postnatal increase

Already by PND 4, astrocytic perikarya are immunoreactive to
/3AR404 within the white matter. In contrast to neuronal labeling,
which is remarkably constant throughout development, the areal
density of astrocytic labeling in the grey matter undergoes a 200-
fold increase from the first to the third week, thereby becoming the
dominant immunoreactive profile in adulthood. One explanation
for this dramatic increase in astrocytic immunolabeling is the in-
crease in density of astrocytes (Ling & Leblond, 1973; Parnavelas
et al., 1983). This dramatic shift in the distribution pattern of
/3AR404-ir profiles during the first postnatal month indicates that
noradrenergic action within neonatal cortices transforms from mod-
ulation of synaptic transmission during the first week to a more
spatially and temporally diffuse modulation involving activation of
multiple astrocytic processes.

Functional significance of neuronal and astrocytic PAR
in developing visual cortices

This study was originally motivated by reports indicating that /3AR
activation is required for early postnatal experience to cause life-
long alternations in cortical circuitry, as assayed by ocular domi-
nance shift following monocular deprivation of cats (Kasamatsu,
1991). As expected, /BAR are not the only agents dictating visual
cortical plasticity: it has since been shown that muscarinic type of
cholinergic receptors, NMDA-type glutamate receptors and neuro-
trophic factors also are involved in determining the degree of
cortical plasticity (Bear & Singer, 1986; Gordon et al., 1990; re-
view by Rauschecker, 1991; Maffei et al., 1992; Domenici et al.,
1992; Fagiolini et al., 1994). Nevertheless, the later works also
support the original findings of Kasamatsu et al. regarding /3AR
participation in developmental plasticity.

jSAR is coupled positively to adenylyl cyclase. Thus, activation
of this receptor leads to a rise in intracellular cyclic AMP (cAMP).
As for the /3AR-mediated neuronal responses, receptive-field prop-
erties of visual cortical neurons are better tuned during iontopho-
retic application of noradrenaline (Waterhouse et al., 1990). This
may be because /3AR activation reduces spike-frequency accom-
modation (Madison & Nicoll, 1986) while also potentiating GABAA-
receptor-induced changes in membrane conductance (Waterhouse
et al., 1990), and reduced uptake of L-glutamate into astrocytes
(Hansson, 1992) leading to increased levels of L-glutamate at the
synaptic cleft.
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Fig. 9. By PND 10, /3AR404-ir is in dendritic shafts, spines, and astrocytes. A: A dendritic shaft in layer 2 exhibits two synaptic
junctions, one labeled (upper curved arrow) and another unlabeled (lower clear arrow). Immunoreactivity also occurs in the same
dendrite's cytoplasm near the immunoreactive synapse (small arrows). This and another unlabeled dendritic profile (UD), both, contain
many saccules of the endoplasmic reticulum (arrowheads), indicating active turnover of the plasma membrane. T: presynaptic
terminals, unlabeled. Another profile exhibits intense immunoreactivity along the plasma membrane. Judging by its irregular contour
(asterisks), this is a glial profile (LG), most likely of an astrocyte. B: A terminal containing a mixture of small clear vesicles and a large
dense-cored vesicle (arrowhead) is immunolabeled (curved arrow in LT). Immunoreactivity is associated with vesicular and plasma
membranes. LT forms a symmetric synaptic junction with a dendrite (D). C: A small dendritic spine also is immunoreactive. Note the
association of immunoreactivity with the postsynaptic membrane (curved arrow), small saccule (arrowhead) and extrasynaptic plasma
membrane (small arrows). Scale bar = 500 nm.

One major effect following stimulation of astrocytic /3AR is

glycogenolysis (review by Stone & Ariano, 1989). Noradrenaline

would be released in the visual cortex as the animal is brought to

a vigilant or aroused state (Aston-Jones et al., 1991). Thus, astro-

cytic /3AR may provide ATP and metabolic substrates to match

cortical neuropil's enhanced activity, as the animal is brought to an

aroused state by nonvisual stimuli prior to eye opening and by

visual stimuli throughout and beyond the critical period for devel-

opmental plasticity.

/3AR activation leads to the formation of processes by astro-

cytes, perhaps as actin depolymerizes intracellularly, thereby al-

lowing reorganization of the cytoskeletal matrix (Goldman &
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Table 1. Areal density (Areal D) of /3AR404-ir profiles

in layer 1 of developing rat visual cortex according

to postnatal age"

Immunoreactive site

Dendritic
Postsynaptic

Axonal
Presynaptic

Glial

1 Week
(4660 /urn2;

0.43)

0.32
0.23

0.19
0.04

0.04

Age

2 Weeks
(10720 jum2;

6.42)

0.42
0.32

0.22
0.07

1.85

3 Weeks
(10250 /tm2;

12.96)

0.37
0.37

0.10
0.37

8.46

"Tissue was obtained from 1 week (PND 4 and PND 7), 2 weeks (PND 10,
PND 13, and PND 14), and 3 weeks postnatal (PND 24) rat visual cortex.
The total surveyed area and the areal density of synapses for each group is
indicated in parentheses. The areal density of profiles exhibiting immuno-
reactive sites is expressed in the units, "encountered per 100 /tun2." The
areal density of immunoreactive sites that occurred postsynaptically within
dendrites are shown in the row, "Postsynaptic," while those that occurred
presynaptically within axons are shown in the row, "Presynaptic."

Abramson, 1990). In the hypothalamus, this leads to increased
neuronal contact with the basal lamina of blood vessels (Bicknell
et al., 1989; Smithson et al., 1990). Perhaps in the cerebral cortex,
noradrenaline causes retraction of astrocytic processes residing
between fine neuronal processes, thereby regulating the degree of
axo-axonic and axo-dendritic interactions that take part in cortical
synaptic circuitry.

/3AR-dependent cAMP production within astrocytes leads to
the release of nerve growth factor (NGF) (Schwartz, 1988). NGF,
in turn, promotes formation of binocular connections and of their
functional recovery following monocular deprivation (Carmignoto
et al., 1993; Berardi et al., 1994). Thus, it is conceivable that
/3AR-dependent synthesis and release of neurotrophic factors from
astrocytes facilitate the formation of functional cortical circuitry in
the visual cortex in ways that mirror experience during early life.
In light of the finding that exogenous supplies of cultured astro-
cytes can reinstate ocular dominance plasticity in adult cat visual
cortices (Miiller & Best 1989), it would be interesting to learn
whether these transplanted astrocytes exhibit any of the above
/3AR-mediated responses.
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