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A recently developed radioautographic technique, based on
the uptake labeling of monoamine terminals (axonal vari-
cosities) in vitro, was used to quantify the noradrenaline (NA)
innervation in adult rat hippocampus. After incubation of
brain slices with 1 uM *H-NA, the NA varicosities were vi-
sualized as small aggregates of silver grains, in light micro-
scope radioautographs prepared at 3 equidistant horizontal
levels across the ventral 2/3 of the hippocampus. Using a
computer-assisted image analyzer, counts were obtained
from the subiculum (SUB), 3 sectors of Ammon’s horn (CA1,
CA3-a, CA3-b) and 3 sectors of the dentate gyrus (DG-medial
blade, crest, and lateral blade), every lamina being sampled
in each region. After a double correction for duration of ra-
dioautographic exposure and section thickness, and follow-
ing measurement of varicosity diameter in electron micro-
scope radioautographs, it was possible to express these
results in number of terminals per volumetric unit of tissue.
It was thus found that the overall density of hippocampal
NA innervation averages 2.1 million varicosities/mm? of tis-
sue, a value almost twice as high as that in cerebral cortex.
This innervation is 20% denser ventrally than dorsally and
is heterogeneous both in terms of regional and laminar dis-
tribution. SUB and DG are more strongly innervated than
Ammon’s horn, wherein CA1 has the lowest overall density.
In SUB and CA1, there is a clear predilection of NA varicos-
ities for the stratum moleculare. In CA3, there is a narrow
band of even stronger innervation in the stratum radiatum,
near the apical border of the stratum pyramidale, contrasting
with a 3 times lower density in this cell layer and the stratum
oriens. In DG, the NA innervation is again the weakest in the
cell body layer (granule) and exhibits an almost 3-fold great-
er density in the polymorph layer, the highest of all hippo-
campus. These figures allow for numerous correlations with
other quantitative parameters—cytological, biochemical, and
pharmacological—of NA function in the hippocampus. They
also provide a strong basis for elucidating, at a cellular level,
the action of NA in this part of the brain.
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As demonstrated by catecholamine-fluorescence histochemistry
and dopamine-g-hydroxylase immunohistochemistry, the hip-
pocampal formation receives a relatively dense noradrenaline
(NA) innervation in adult rat (Fuxe, 1965; Blackstad et al., 1967,
Lindvall and Bjérklund, 1974; Moore, 1975; Swanson and Hart-
man, 1975; Hokfelt et al., 1976; Loy et al., 1980). The distri-
bution of this input has been further documented by regional
measurements of the high-affinity uptake of *H-NA (Storm-
Mathisen and Guldberg, 1974) or microdeterminations of the
hippocampal NA content under diverse experimental condi-
tions (Moore, 1975; Gage et al., 1978, 1983; Loy et al., 1980;
Haring and Davis, 1985). Radioautographic tracing studies after
axonal transport of radiolabeled proteins (Jones and Moore,
1977) and retrograde labeling studies with HRP or fluorescent
dyes (Loy et al., 1980; Room et al., 1981; Haring and Davis,
1983, 1985) have indicated that the NA input to rat hippocam-
pus arises entirely from the nucleus locus coeruleus (A-6) and
reaches its destination via 3 main pathways: the fimbria-fornix,
the fasciculus cinguli, and the ventral amygdaloid bundle. The
functional properties and role of this afferent system have re-
ceived considerable attention (for reviews, see Foote et al., 1983,
and Saper, 1987).

At a cellular level, 4 subtypes of adrenoceptors have been
identified and localized in the hippocampus: alpha-1 (Young
and Kuhar, 1980; Tayrien and Loy, 1984; Jones et al., 1985;
Goffinet and Caviness, 1986), alpha-2 (Unnerstall et al., 1984;
Bruning et al., 1987), beta-1, and beta-2 (Rainbow et al., 1984;
Lorton and Davis, 1987). Although initially believed to serve
mainly as an inhibitory transmitter in this part of the CNS
(Herrling, 1981; Segal, 1981; Langmoen et al., 1981), hippo-
campal NA is now known to exert diverse effects on Ammon’s
horn or dentate gyrus (DG) neurons (Madison and Nicoll, 1982,
1988; Neuman and Harley, 1983; Sah et al., 1985; Lancaster
and Adams, 1986; Gray and Johnston, 1987; Pang and Rose,
1987; Hopkins and Johnston, 1988; Lacaille and Schwartzkroin,
1988c). In the face of this detailed information, and despite
increasing use of the hippocampal slice as a tool for investigating
NA actions in CNS, truly quantitative data on the topographical
features of the hippocampal NA innervation are still lacking. In
this context, we have applied to the hippocampus a recently
developed radioautographic approach that allows for the count-
ing of the various types of monoamine axonal varicosities (ter-
minals) after their uptake labeling in rat cerebral hemisphere
slices incubated with the respective tritiated amines (Doucet et
al., 1988). In this paper, we report on the regional and laminar
density of the NA innervation at 3 horizontal levels across 7
hippocampal sectors representing every major subdivision of
adult rat hippocampus. A similar description is forthcoming of
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the 5-HT innervation (8. Oleskevich and L. Descarries, unpub-
lished observations).

Materials and Methods

Uptake labeling and radioautography. Adult male Sprague-Dawley rats
(body weight, 250 + 20 gm) were anesthetized with pentobarbital and
perfused for 3-5 min, via the aortic arch, with 500-600 ml ice-cold
artificial cerebrospinal fluid (CSF) containing 1% dextrose and freshly
gassed with carbogen (95% O, and 5% CO,, pH 7.4). A thick (3-5 mm)
horizontal slab comprising the hippocampus was excised from the cau-
dal half of one cerebral hemisphere and cut in serial 200-um-thick slices
using a Vibratome filled with melting CSF ice. Slices closest to horizontal
stereotaxic planes H 2.9 mm, 3.9 mm, and 4.9 mm (interaural) were
selected for incubation.

Within 60 min of the perfusion, the slices were set to preincubate for
15 min at 35°C, under carbogen atmosphere, in 2-3 ml (1 ml/slice) of
CSF containing 0.1 mm of the monoamine oxidase inhibitor, pargyline
hydrochloride (Aldrich).

The period of incubation proper was initiated by addition of 1 um
SH-NA (New England Nuclear, 43.7 Ci/mm) concentrated in a small
volume of CSF containing 4% ascorbic acid. Incubation lasted 15 min
and was terminated by replacing the medium with fixative. Aliquots
were saved for measurements of radioactivity by liquid scintillation
counting.

In all, 7 experiments were carried out, some of which allowed testing
the effects of different uptake blockers on the *H-NA labeling. In 3 cases
each, the following drugs were added or not to the preincubation and
incubation media: (1) 10 uM nonradioactive 5-HT (5-hydroxytrypt-
amine oxalate salt, 5-HT, Sigma) to exclude the possibility of a cross-
specific uptake into 5-HT axons (Descarries et al., 1975); (2) 5 um GBR-
12909 (GBR, Research Biochemicals), a selective inhibitor of uptake
by dopamine (DA) neurons, to prevent eventual accumulation of *H-
NA into DA axons (Audet et al., 1988); (3) 5 um desipramine hydro-
chloride (DMI, Merrell) to verify the specificity of the uptake of NA
into NA axons (Doucet et al., 1988).

The slices were fixed with 3.5% glutaraldehyde in 0.1 M cacodylate
buffer, postfixed with osmium tetroxide vapors, dehydrated through a
graded series of ethanol, and flat-embedded in Epon. Sections, 4 um
thick, of their entire surface were cut dry on a Polycut® microtome
(Reichert Jung). These semithin sections were mounted on gelatin-chrom-
alum-coated slides using absolute ethanol and stored at 60°C for 48 hr.
They were then coated by dipping in Ilford K-5 nuclear emulsion diluted
1:1 with water and developed in D-19 after 15 d of radioautographic
exposure (for technical details, see Doucet et al., 1988).

Quantification of innervation density. The labeled varicosities (aggre-
gates of silver grains) were counted directly from the light microscope
radioautographs, using a Leitz Orthoplan microscope equipped with a
16 x PlanApo lens and connected through a video camera (Hitachi 120;
244 x 320 pixels) to a microcomputer image-analysis system (Dapple,
Imageplus+). After digitization of the microscopic image displayed on
the video screen, gray scale selection of the binary image was adjusted
on each microscopic field so as to match the silver grain clusters ob-
served in the light microscope. Correction for feature fusion was carried
out as described in Doucet et al. (1988), where the average number of
varicosities represented by binary image features of various sizes was
determined by light microscopy.

Counts were obtained from 7 cytoarchitectonic areas at each of the
3 horizontal levels spanning the ventral two-thirds of hippocampus.
The regions examined were the subiculum (SUB), 3 sectors of Ammon’s

horn (CA1, CA3-a, CA3-b) and the medial blade (DG-mb), crest (DG-
¢), and lateral blade (DG-Ib) of the DG. The exact areas (sectors) to be
counted consisted of columns comprising 4-8 rectangular counting win-
dows according to the hippocampal region examined (Fig. 1). From one
section and one rat to another, the columns were localized as reprod-
ucibly as possible with the aid of low-magnification drawings of each
section. The choice of wide and thin counting windows (125 x 330 um)
allowed for accurate sampling of the different laminae in every region.
In Ammon’s horn and DG, the second or third window always coincided
with the pyramidal and the granule cell layers (see Fig. 1).

The results were first expressed as numbers of labeled sites per surface
unit (mm?2) of radioautograph. In order to transform these inital values
into numbers of varicosities per mm?3 of tissue, 3 other parameters were
determined experimentally using both CA3-b and DG-c samples. (1)
To determine the percentage of labeled varicosities detected at the cho-
sen duration of radioautographic exposure, serial 0.5-um-thick sections
were processed and developed after different periods of exposure (6
series of 6 successive 0.5-um-thick sections; 3—-30 d) and a best-fit curve
was constructed of the relationship between number of varicosities and
duration of exposure. The counts at 15 d were then transformed using
the ratio between the numbers at this time interval and the theoretical
maximum to correct for incomplete detection at the chosen exposure
time. (2) A second transformation was needed to compensate for the
lack of transparency to tritium in 4-pm-thick sections. Counts were
obtained from adjacent pairs of 0.5- and 2-um-thick sections to obtain
a ratio for converting the values for 4-um-thick sections into their equiv-
alent for a tissue thickness of 0.5 pm (fully transparent to tritium). The
third parameter required for the stereological extrapolation was the
diameter of the NA varicosities. For this purpose, electron microscope
radioautographs were prepared from single thin sections and developed
with paraphenylenediamine after 3-5 months of exposure according to
standard techniques (Descarries and Beaudet, 1983). All labeled sites
encountered in the sections from CA3 and the DG were then photo-
graphed at an original magnification of 14,000 x, until more than 130
identifiable profiles from each area were available. On photographs
printed at a final magnification of 36,000 %, the equivalent circle di-
ameter (\/{44/x}) was determined from length and breadth measure-
ments obtained with the image-analysis system.

Extrapolation to a volumetric unit of tissue (mm?) was then obtained
from the stereological formula N = n” x 1000/(t + d — 2h), where n”
is the doubly transformed value per mm? of radiocautograph; ¢, the 0.5
wum tissue thickness; d, the mean diameter of labeled hippocampal NA
varicosities; and 4, the height of lost caps, i.e., top portions of labeled
varicosities insufficiently large to induce a detectable signal (0.1 pm,
according to Lapierre et al., 1973).

Statistical analyses. One- and two-factor analyses of variance (AN-
OVA) were applied to the regional and laminar NA quantification values
using the Statview 512+ program. Two-factor ANOVA located differ-
ences between the mean values from the various horizontal levels, re-
gions or laminae. One-factor ANOVA was then applied for a more
detailed analysis of eventual differences between individual values in
each level, region or lamina. Significance was determined with the Fi-
scher PLSD a posteriori test.

Results

Radioautographic visualization

As illustrated in Figures 1 and 2, *H-NA uptake labeling was
prominent in all regions of the hippocampus. At the light mi-

Figure 1.

Light microscope radioautograph of the whole hippocampus illustrating the anatomical sectors in which the NA innervation was

quantified. Horizontal section 3.9 mm above the interaural line, as indicated in the inset. The rows of rectangles designate the exact areas where
the labeled axonal varicosities were counted as described in Materials and Methods. Each of these counting windows measured 125 x 330 um of
section. The different hippocampal sectors are designated according to Bayer (1985): SUB for subiculum; CAI, CA3-a, and CA3-b, Ammon’s horn;
DG-mb, DG-c, and DG-/b, medial blade, crest, and lateral blade of the dentate gyrus. The various layers in each region are labeled alongside their
respective counting windows and abbreviated as follows: pyr, stratum pyramidale; mol, stratum moleculare; or, stratum oriens; Juc, stratum lucidum;
rad, stratum radiatum; Imol, stratum lacunosum-moleculare; g, granule cell layer; pm, polymorph cell layer. Even at this low magnification, the
numerous NA-labeled varicosities (aggregates of silver grains) are individually discernible (see also Fig. 2). There is an obvious predilection of the
NA innervation for the stratum moleculare of SUB and stratum lacunosum-moleculare of CAl, stratum lucidum of CA3-a and CA3-b, and
polymorph layer of DG. Note the small number of labeled varicosiiies in the pyramidal cell layer of Ammon’s horn and granule cell layer of DG.
At this level, NA varicosities are virtually absent in the alveus and fimbria (Fi). Scale bar, 500 um. x70.
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croscopic level, the labeled sites were detected in the form of
small and dense aggregates of silver grains, often aligned in short
beaded rows, typical of axon varicosities. In electron micro-
scopic radioautographs from either the CA3-b or the DG-c re-
gion (Fig. 3), more than 70% of all accumulations of silver grains
(n = 262) could indeed be readily assigned to axon varicosities
(n = 187), i.e., axonal enlargements containing aggregated syn-
aptic vesicles. Other clusters of silver grains (n = 32) overlaid
transverse or longitudinal profiles of unmyelinated axon seg-
ments, while a third category was not definable in terms of
underlying cellular constituents (# = 43). The average diameter
of the sectional profiles of labeled varicosity was 0.59 + 0.16
um (SD) and 0.59 £ 0.19 um (SD) in the CA3-b and DG-c
sectors, respectively. The labeled varicosities showed no pre-
dilection for the immediate vicinity of blood vessels and were
rarely apposed to nerve cell bodies. In the 7 hippocampal sectors
examined, the addition of nonradioactive 5-HT, or of GBR-
12909, had no apparent effect on the number of labeled sites.
In contrast, varicosity labeling was virtually absent in every slice
incubated in the presence of DMI.

General topography

The hippocampal NA innervation was heterogeneously distrib-
uted, as emphasized in previous descriptions (e.g., Blackstad et
al., 1967; Loy et al., 1980; see also Milner and Bacon, 1989).
At all 3 horizontal levels examined, 3 large crescentic zones
stood out as the most densely NA innervated (Fig. 1). These
corresponded, respectively, to (1) most of the molecular layer
of SUB and the entire lacunosum-moleculare layer of CA1, (2)
the whole polymorph layer of DG, and (3) a narrow zone in
both CA3-a and CA3-b, bordering the pyramidal cell layer on
its apical side (stratum lucidum). The NA innervation was less
dense throughout the stratum oriens and stratum radiatum of
Ammon’s horn, as well as in the stratum moleculare of DG. It
was even sparser in the compact cell layers, the pyramidal of
Ammon’s horn and granular of DG, where only occasional rows
of varicosities were seen (Fig. 2, B-H). At the periphery of
Ammon’s horn, the alveus was almost totally devoid of labeled
terminals (Fig. 20).

Quantified distribution

The percentage of varicosities detected in light microscope ra-
dioautographs exposed for 15 d was 41% of the theoretical max-
imum determined from serial semithin sections exposed for
different periods of time. A comparison of counts from adjacent
0.5- and 2.0-um-thick sections showed that 53% of the number
of varicosities recorded from a tissue thickness of 2 um or more
would be present in a tissue thickness of 0.5 um entirely trans-
parent to tritium. Using these correction factors and the equiv-
alent circle diameter measured by electron microscopic radioau-
tography, initial counts of labeled sites could be stereologically
converted into numbers of varicosities/mm? of tissue (inner-
vation density) for every region and layer of the hippocampus.

Table 1 gives the mean density of NA innervation for the 3
horizontal levels in the 7 hippocampal sectors examined. In
most sectors, there was a gradual increase from dorsal to ventral,
resulting in a 21% difference in average density (all regions)
between levels 4.9 and 2.9 mm (p < 0.01). The mean value for
each region showed a 2-fold increase between the lowest (CAl:
1.2 million) and the highest sectors (DG-c: 2.5 million) (p <
0.001). Marked differences were also seen between CAl and all
other regions, as the average density abruptly dropped from 2.2

million in SUB to 1.2 million in CAl (p < 0.001), returning to
the 2 million range in CA3-a and CA3-b, as well as throughout
DG. The mean density in DG-¢ (2.5 million) was the highest
of all sectors.

The last line of Table 1 gives the average densities for the 3
main subdivisions of the hippocampus (SUB, Ammon’s horn,
DG), and for this brain region as a whole (last figure on the
right). These average densities decrease from SUB (2.2 million)
to Ammon’s horn (1.7 million) and reach their highest value in
DG (2.4 million). Both SUB and DG differ significantly from
Ammon’s horn (p < 0.001). The average density for all sectors
amounts to 2.1 = 0.1 million varicosities/mm?3 of tissue.

Tables 2 and 3 summarize the data on laminar innervation
density. In each region, the values for the different layers show
a tendency to increase from level 4.9 mm to 2.9 mm, but these
differences are not statistically significant. In SUB, the mean
density of the moleculare layer is more than twice that of the
pyramidal cell layer (p < 0.001) (Table 2). Within Ammon’s
horn, every layer of CA1 has a significantly lower density than
its CA3-a and CA3-b counterpart, except for the stratum la-
cunosum-moleculare, where the density is relatively high as in
CA3-a. The density of the CA1 pyramidal cell layer is the lowest
of all hippocampus. Significant variations between layers are
also seen within the 2 CA3 sectors, in which the pyramidal cell
layer exhibits again a very low density, while the underlying
stratum lucidum displays a 3-fold greater density (p < 0.001).
Considerable differences are also found in the DG (Table 3),
where the mean density of the polymorph layer (hilus) is almost
3 times that of the granule cell layer (p < 0.001). In the crest
of the DG (DG-c), the polymorph layer has the highest density
of all hippocampus.

Discussion

Methodological considerations

The foregoing results were obtained by radioautographic detec-
tion of NA uptake and storage sites after incubation of brain
slices with micromolar concentrations of the tritiated amine in
the presence of a 10-fold higher concentration of nonradioactive
5-HT. The biological bases for such labeling have been discussed
elsewhere, and earlier investigations have formally demonstrat-
ed its specificity in visualizing NA terminals (Descarries and
Beaudet, 1983). In a previous study on cerebral cortex (Doucet
etal., 1988), we showed total eradication of this *H-NA labeling
in the presence of DMI and could verify with electron micro-
scope radioautography that axonal varicosities, as opposed to
intervaricose segments, were the main (>80%), if not exclusive,
source of tracer accumulations sufficiently strong to be detect-
able by light microscopy.

The concurrent experiments carried out in the presence of the
highly selective DA neuron uptake blocker GBR-12909 failed
to demonstrate significant reductions in the hippocampal *H-
NA labeling, while such differences were readily appreciated in
DA-innervated areas of the cerebral cortex (Audet et al., 1988).
Preliminary experiments carried out with H-DA under con-
ditions most favorable to a specific labeling of DA terminals
had indeed shown only exceedingly sparse DA innervation at
the 3 hippocampal levels examined here, in accordance with
previously demonstrated patterns of DA fiber distribution in
this part of the brain (Verney et al., 1985). In this context, it
was obvious that the presence of rare DA terminals would not
significantly interfere with the counts of the abundant NA var-
icosities, so that the use of GBR-12909 was discontinued.
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Table 1. Regional density of NA innervation in hippocampus (10¢ varicosities/mm?® of tissue; means +

SEM)

Level SUB CAl CA3-a CA3-b DG-mb DG-c DG-Ib Means

49mm 21 +£03 1.0+0.04 18+02 14+£01 20+£02 2402 21x03 1.9=+0.1

39mm 20+03 13+02 21+£02 1.7+£02 23+03 24+02 25+03 21+0.1

29mm 23+02 14+03 22+04 21+02 2704 28+05 2404 23 0.1

Mean 22+02 12+01 20%+02 1701 23+02 25+02 2302 -—
22+02 Ammon’s horn: 1.7 + 0.1 Dentate gyrus: 2.4 + 0.1 2.1 £0.1

Results expressed in 10¢ terminals/mm? of tissue as explained in Materials and Methods. In this and following tables,
the means + SEM are from 6 rats at levels H 4.9 and 3.9 mm, and from 5 rats at level H 2.9 mm. The hippocampal
regions are designated according to Bayer (1985) (see legend of Fig. 1 for abbreviations). On the right are the means for
all regions at each horizontal level examined. The second to last line shows the means for each region. The bottom line
gives the means for the 3 major anatomical subdivisions (subiculum, Ammon’s horn, dentate gyrus) and for the whole
of the hippocampus (last value).

Statistical analysis of interregional differences: p < 0.005 except + p < 0.01 and *p < 0.05

SUB vs CAl CAl vsall DG-mb vs CAl
SUB vs CA3-b* (CA1 vs CA3-b%) DG-mb vs CA3-b
CA3-a vs CAl DG-c vs CAl
CA3-a vs DG-c DG-c vs CA3-a
DG-¢ vs CA3-b
CA3-b vs SUB*
CA3-bvs CAl DG-Ib vs CAl
CA3-b vs DG DG-1b vs CA3-b}

(CA3-b vs DG-1bt)

croscope radioautographs of the same material and from 2 of
the anatomical regions examined (DG-¢ and CA3-b). In this
setting, simple stereological extrapolation was likely to provide
a reasonable estimate of the true density of regional and laminar
innervation (Doucet et al., 1988).

In a study aimed at assessing innervation density, it was a
distinct advantage to count mainly axonal varicosities as op-
posed to intervaricose segments. Within territories of terminal
arborization, these sites of uptake and storage of the transmitter
are likely to represent the major if not exclusive source of trans-
mitter release, As thoroughly described and discussed in Doucet
et al. (1988), the initial numbers of labeled sites per mm? of
semithin section radioautographs had to undergo several trans-
formations to be expressed in number of labeled varicosities
per mm3 of tissue. At the time of counting, correction for binary
image fusion was performed on the basis of previous evaluations
of the average number of labeled varicosities represented by
features categorized according to their area. Subsequent correc-

Density of NA innervation in adult rat hippocampus

The average density of 2.1 million NA varicosities/mm? of tissue
represented a total number of more than 108 NA axon terminals
for this whole brain region (volume of 56 mm?, according to
Coleman et al., 1987; see also West et al., 1978). This inner-
vation density was almost twice as high as that recently reported
for 7 distinct areas in the anterior half of adult rat cerebral cortex

tions for incomplete detection at the exposure time of the counts,
and for the lack of total transparency of the sections to tritium,
were also based on experimental data. Last, the average diameter
of the labeled varicosities could be measured in electron mi-

(1.2 x 10%/mm?® according to Audet et al., 1988). Interestingly,
there is a difference of the same order in the endogenous amine
content of these 2 brain regions [2.6 ng/mg protein (Reader and
Grondin, 1987) versus 6.2 ng/mg of protein (average of mea-

-

Figure2. A-H, Light microscope radioautographs at higher magnification exemplifying the patterns of NA innervation in each of the 7 hippocampal
sectors examined. Same horizontal level as in Figure 1. The different layers are labeled in each sector. See Figure 1 legend for list of abbreviations.
Scale bar for all radicautographs, 100 um. x160. 4, The subiculum (SUB) is relatively densely NA innervated. The number of labeled varicosities
is relatively even throughout the stratum pyramidale (pyr) and increases gradually within the stratum moleculare (mol) (see also Fig. 1). B, The
average NA innervation of CAl is the lowest of all the hippocampus. Note the virtual absence of labeled varicosities in the compact pyramidal
cell layer (pyr) except for an occasional traversing fiber. The stratum oriens (or) is only sparsely innervated and there is a sharp increase in innervation
density from the stratum radiatum (rad) to the stratum lacunosum-moleculare (/mol). An area of lighter-colored tissue at the rad-lmol border shows
fewer NA terminals than the adjacent tissue. C and D, In CA3-a (C) and CA3-b (D), the overall density of NA innervation is again relatively high.
In both these sectors, the strong innervation in the stratum lucidum [(/uc)] portion of stratum radiatum (rad) contrasts strongly with the low number
of labeled varicosities in the overlying pyramidal cell layer (pyr). Below the stratum lucidum [(/uc/], there is a progressive increase in density from
rad to Imol as shown in Figure 1. In C43-a, the NA varicosities of the stratum oriens (or) appear concentrated in the outer portion of this layer,
next to the non NA-innervated alveus (alv) (see also Fig. 1). E-H, Overall, the dentate gyrus (DG) has the densest NA innervation in the hippocampus.
This innervation is similarly distributed among its 3 sectors: medial blade (DG-mb, E), crest (DG-¢, G) and lateral blade (DG-Ib, H). The molecular
layer (mol) is evenly NA innervated, the granule cell layer (g) only sparsely, and the polymorph cell layer (pm), particularly in the crest, has the
highest laminar density of NA innervation in all the hippocampus. F is an unretouched reproduction of the area framed in E, as edited and printed
by the image analysis system. Note the good match between the real and binary images of the labeled varicosities.
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Figure 3. A-E, Electron microscope radioautographs of *H-NA-labeled axon varicosities from the dentate gyrus (DG-¢, 4-C) and from Ammon’s
horn (CA3-b, D and E). As typically found with monoamine-labeled varicositjes, the silver grains are mostly accumulated over unmyelinated axon
dilations filled with small, clear synaptic vesicles, accompanied by occasional larger vesicles and mitochondria. Scale bars, 0.5 um. 4 and B,
% 28,000; C-E, x34,000. 4 and B, This densely labeled NA varicosity from the polymorph layer of DG-c is shown in 2 adjacent thin sections. It
partially engulfs an adjacent process, probably dendritic in nature, but the area of membrane interface is obscured by the tightly packed overlying
grains, C, This circular profile of labeled varicosity is from the molecular layer of DG-c. It illustrates the most common appearance of labeled NA
terminals. The poor morphological preservation of incubated tissue presumably accounts for the widening of the extracellular space. D, This NA
axonal varicosity from the stratum lucidum of CA3-b is nested between several other axonal processes and 2 dendrites; it fails to show any evidence
of a synaptic junction. E, This large NA axonal varicosity from the stratum oriens of C43-b appears to be in symmetrical synaptic contact with
an adjacent dendrite, which also receives a second synapse from another large adjacent process.

surements by Brownstein et al., 1974; St. Laurent et al., 1975; claims of a heterogeneous distribution along the septotemporal
and Versteeg et al., 1976)], suggesting a similar amine content axis (Gage et al., 1978; Loy et al., 1980). In addition to endog-
per varicosity (see also below). enous NA levels, the high-affinity uptake of 3H-NA (Storm-

The overall density of hippocampal NA innervation was found Mathisen and Guldberg, 1974) and the density of alpha,-ad-
to be 20% higher ventrally than dorsally, substantiating previous renoceptors (Young and Kuhar, 1980; Jones et al., 1985) have
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Table 2. Laminar density of NA innervation in subiculum and Ammon’s horn (10¢ varicosities/mm? of

tissue; means + SEM)

Layer Level SUB CAl CA3-a CA3-b Mean
Oriens 4.9 - 0.4 +£0.1 0.9 +0.2 1.1 £ 0.1
3.9 - 0.7 £0.2 1.1 £0.2 1.3 +£0.1
29 - 0.7 £ 0.2 1.7 £ 0.3 1.7 £ 0.3
Mean 0.6 = 0.1 1.2 +0.2 14 + 0.1 1.1 £0.1
Pyramidal 49 1.1 £02 0.3+03 0.9 +0.1 0.8 0.1
3.9 1.1 £0.2 0.5+ 0.1 1.3+0.3 0.9 £0.2
2.9 1.7 £ 0.3 0.5+ 0.2 1.6 + 0.3 1.3 £0.2
Mean 1.3 +£0.1 0.4 = 0.1 1.2 £ 0.2 1.0 £ 0.1 1.0 £ 0.1
Radiatum 4.9 0.9 + 0.1 20+ 0.2 1.8 £ 0.2
(lucidum) (3.2+0.3) 2.1 £0.2)
39 1.3 +£0.2 2.5+0.2 23+0.2
3.7 £04) (3.1 £ 0.5)
2.9 1.2+04 2.4 + 0.5 2.5+ 0.3
(3.4 £0.7) (3.8 £0.3)
Mean 1.1 £ 0.1 23+0.2 22+02 1.9 £ 0.1
(3.4 £ 0.3) (3.0 £ 0.3) (3.2+0.2)
Moleculare 4.9 27+x04 1.6 + 0.2 23 +04 -
39 3.0+ 04 22+0.2 25+03 —_
2.9 2.6 £0.2 25+04 23+04 -
Mean 28 £0.2 2.1+£0.2 24 0.2 24 + 0.1

Results expressed in 10¢ terminals/mm? of tissue as explained in Materials and Methods. The values in parentheses refer

to the stratum lucidum component of the stratum radiatum.

Statistical analysis of interlaminar differences: p < 0.005 except * p < 0.05
Within regions Between regions

SUB: pyr vs mol or; CAl vs all
CAl: rad vs all pyr: CAl vsall

mol vs all

rad: CAl vsall

CA3-a: rad vs all but mol

luc vs all Imol: CAl vs SUB*
CA3-b: rad vsall

luc vs all

also been reported to be higher in the ventral than dorsal hip-
pocampus. Given that the hippocampus is functionally orga-
nized in lamellae transverse to the septotemporal axis (Andersen
et al., 1971, 1973), this might imply that the locus coeruleus
projections modulating impulse flow through these lamellar cir-
cuits (Winson and Dahl, 1985) exert stronger effects in the ven-
tral than the dorsal hippocampus.

Current knowledge of the 3 pathways of projection from the
locus coeruleus to the hippocampus (Moore, 1975; Loy et al.,
1980; Gage et al., 1983; Haring and Davis, 1985) indicates that
the fasciculus cinguli reaching the hippocampus dorsally dis-
tributes its NA fibers mostly ventrally, in particular to SUB,
lacunosum-moleculare layer of Ammon’s horn, and ventral DG.
The imbria-fornix entering dorsally carries NA fibers that ar-
borize mainly to CA3 and the polymorph layer (hilus) of the
DG (mostly dorsally according to Haring and Davis, 1985). The
ventral amygdaloid bundle entering the hippocampus ventrally
would provide a significant fraction of the NA innervation in
the whole hippocampal formation (40% according to Gage et
al., 1983). In our material from the ventral two-thirds of the
hippocampus, the cingulate bundle could therefore be largely
responsible for the large crescentic zone of dense NA innervation

in the molecular layer of SUB and lacunosum-moleculare of
CALl; the fimbria-fornix would predominantly contribute to the
dense NA innervation in the stratum lucidum of CA3. Both the
cingulum and ventral amygdaloid bundle might participate in
the dense NA innervation of the DG hilus. Some of these re-
gional and laminar differences in NA innervation density could
thus reflect a distinct cellular origin of the parent fibers (Haring
and Davis, 1983). Besides, it is well established that following
denervating lesions of the hippocampus, residual NA fibers may
undergo considerable sprouting and hence increase both in ex-
tent and richness of arborization (Gage et al., 1983; Peterson,
1988). Therefore, local, epigenetic, as well as genetic, factors
should be playing a role in determining the distribution of these
nerve terminals.

The exact number of NA neurons in rat locus coeruleus that
project to the hippocampus is not yet known. However, assum-
ing that half of them do (i.e., some 700 neurons on each side
according to counts by Descarries and Saucier, 1972), it may
be inferred that each locus coeruleus nerve cell body would then
be issuing an average of 170,000 terminals destined to the hip-
pocampus. This figure is all the more striking since at least some
of these nerve cell bodies concomitantly project also to the
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Table 3. Laminar density of NA innervation in dentate gyrus (10¢
varicosities/mm? of tissue; means + SEM)

Layer Level DG-mb DG-c DG-1b Mean
Molecular 4.9 1.2+02 13+01 13=x0.1

3.9 1.8+02 17+£01 18=x04

2.9 24+03 20+02 1.9=x02

Mean 1.7+02 16=+01 1.7+02 1.7+0.1
Granular 4.9 0802 07=x01 12=x03

39 1.6 04 11+02 19=x03

2.9 1.0+03 12+05 20+£0.2

Mean 1.1 +02 1.0x+02 1.7+02 13=x0.1
Polymorph 4.9 3403 42+03 3103

3.9 29+04 38+03 31zx03

2.9 39+05 45+06 3.0+04

Mean 3402 42x+03 31+02 35x02

See footnote to Table 2.
Statistical analysis of interlaminar differences: p < 0.005 except + p < 0.01 and
*p <0.05
Within regions
Dg-mb: all layers

Between regions
gr:  DG-lb vs DG-mbt}

(mol vs gr*)
pm: DG-¢ vs DG-mb
DG-c:  all layers DG-c vs DG-Ib
(mol vs gr*)
DG-Ib: pm vs mol
pm vs gr

cerebral cortex and/or other brain regions (Nagai et al., 1981;
Room et al., 1981).

Morphological correlates of regional and laminar NA
innervation density

The regional density of NA innervation expressed as number
of varicosities per mm? of tissue differed significantly across the
7 hippocampal sectors examined, with averages of 2.2 million
for SUB, 1.7 million for Ammon’s horn, and 2.4 million for
DG. Since neuronal monoamines are mostly concentrated with-
in axonal varicosities as opposed to intervaricose segments, these
values allow us to calculate a mean endogenous NA content per
varicosity. Based on figures of 274 and 503 ng NA/gm of tissue
for Ammon’s horn and DG, respectively (Loy et al., 1980), the
corresponding NA contents per varicosity may be estimated at
0.16 and 0.21 fg, indicating concentrations in the order of 1450
and 1900 ug/gm of varicosity (in the 102 M range). Similar
values have been reported for the rat neocortex (0.22 fg/vari-
cosity, 1600 ug/gm, 10-2 M; Audet et al., 1988), demonstrating
consistency in the different territories of projection of the same
neurons.

The regional density of NA innervation may also be envisaged
relative to current estimates of the total number of cell bodies
or axon terminals in rat hippocampus. Since the total volume
of the DG is 16 mm?3 (Coleman et al., 1987), the total number
of NA terminals in the DG may be estimated to be 3.8 x 107.
The total number of cells in Sprague-Dawley rat DG is on the
order of 1-2 x 10¢ for the granule cell layer (Gaarskjaer, 1978;
Bayer, 1982; Boss et al., 1985; West et al., 1988) and 3 x 10?
for the hilus (Gaarskjaer, 1978). Assuming an equal number of
terminals on granule and hilus cells, the average number of NA
terminals per cell of the DG would be on the order of 20-40.
Within the granule cell layer itself [3 mm? (Coleman et al., 1987;

West et al., 1988)], this number falls to 2—4 per nerve cell body,
emphasizing the particularly low NA innervation in this layer
(Loy et al., 1980). Similar calculations may be performed for
CA3, based on an estimated total volume of 13.3 mm? for this
hippocampal region (West et al., 1978). The average number of
NA terminals per pyramidal cell of CA3 (1.4 x 10 according
to Gaarskjaer, 1978) would then be on the order of 180, a ratio
significantly higher than for the dentate granule cells. Within
the pyramidal cell layer itself [1.5 mm?* (West et al., 1978)], the
number falls to 11 NA terminals per cell body.

Without prejudging whether synaptic membrane specializa-
tions exist on all hippocampal NA varicosities, it is of interest
to consider the incidence of these varicosities in relation to the
total number of axon terminals in the different regions of the
hippocampus. Available data on the number of synaptic junc-
tions per surface unit of tissue (synaptic density) may be con-
verted to a volumetric unit using the stereological formula N, =
N,/d validated by Colonnier and Beaulieu (1985), where N, is
the number of synaptic contacts per unit area and 4 is the mean
trace length of the synaptic membrane. According to values
provided by Hoff et al. (1982) and Curcio and Hinds (1983) for
the molecular layer of the DG, the total number of 1.5 x 10°
synaptic terminals/mm? may thus be calculated, yielding a rel-
ative incidence of 1 NA varicosity/880 synapses. This ratio
could be significantly lower, however, if a considerable propor-
tion of all axon terminals actually lack synaptic junctions. A
similar calculation is possible for the stratum radiatum of CAl
(based on data from Scheffet al., 1985) and gives a significantly
lower number of 1 NA varicosity/1500 synapses, in keeping
with the relatively low NA innervation density of this hippo-
campal region.

Physiological correlates of regional and laminar NA
innervation density

In contrast to the current understanding of the coding of infor-
mation in hippocampus (Eichenbaum and Cohen, 1988), knowl-
edge allowing us to relate hippocampal function to the different
anatomical subdivisions of this brain region is limited (but see
Grant and Jarrard, 1968, and Flicker and Geyer, 1982a, b). In
general terms, however, it is noteworthy that the densest regional
NA innervations in the hippocampus are those of the DG and
SUB, which respectively correspond to its main cortical input
and output stations (Hjorth-Simonsen and Jeune, 1972; Swan-
son and Cowan, 1977; Sorensen and Shipley, 1979).

The present data on regional and laminar innervation density
can be interestingly confronted with a considerable amount of
data on the distribution of the various types of adrenoceptors
characterized by radioligand binding in adult rat hippocampus.
The distribution of alpha, receptors corresponds closely to that
of NA varicosities: high densities in CA1 stratum lacunosum-
moleculare (Jones et al., 1985; Goffinet and Caviness, 1986),
stratum lucidum of CA3 (Jones et al., 1985), and polymorph
layer and stratum moleculare of DG (Young and Kuhar, 1980;
Tayrien and Loy, 1984; Jones et al., 1985); moderate to low
densities in the other sectors (Young and Kuhar, 1980; Tayrien
and Loy, 1984; Goffinet and Caviness, 1986). The distribution
of alpha, and beta receptors does not fit so well with the NA
innervation: alpha, receptors are present in high numbers in the
stratum lacunosum-moleculare of CA1l but in only moderate
numbers throughout CA2 and DG and low numbers in CA3
(Unnerstall et al., 1984; Bruning et al., 1987). Beta receptors do
not match. The majority are of the beta, type [beta, vs beta,:



85 vs 15% in CAl; 65 vs 35% in CA3; 80 vs 20% in DG
(Rainbow et al., 1984)]. These are distributed in uniformly high
density in CAl, low density in CA3, and moderate and high
densities, respectively, in the polymorph and molecular layers
of DG (Rainbow et al., 1984; Goffinet and Caviness, 1986; Lor-
ton and Davis, 1987). Beta, receptors have a uniformly low
distributionin CA1, CA3, and DG (Rainbowet al., 1984; Lorton
and Davis, 1987). Electrophysiological characterization of hip-
pocampal adrenoceptors in Ammon’s horn has suggested that
the receptors responsible for the effects of synaptically released
NA in CA3 are of the alpha, type, whereas those involved in
effects produced by microiontophoretic application of NA py-
ramidal neurons are of the alpha, type (Curet and de Montigny,
1988a, b). The presence of a particularly high density of NA
innervation in the stratum lucidum of CA3 and the low density
in the pyramidal cell layer support this conclusion.

The laminar distribution of NA varicosities within each re-
gion further suggests that the cellular targets of the action(s) of
NA might differ between regions. In CAl, for example, the
highest density of NA terminals is in the stratum lacunosum-
moleculare. These terminals are strategically located to act upon
a distinct type of inhibitory interneuron physiologically char-
acterized in this area (Lacaille and Schwartzkroin, 1988a, b).
Since in CAl, tyrosine hydroxylase-immunoreactive terminals
have been shown to make synaptic contact with glutamate de-
carboxylase-immunoreactive interneuron dendrites (Frotscher
and Leranth, 1988), and since excitatory actions of NA on in-
terneurons have been reported (Pang and Rose, 1987; Madison
and Nicoll, 1988), the morphological substrate of these actions
may be found in the stratum lacunosum-moleculare. Some post-
synaptic effects of NA on CA1 pyramidal cell membranes (Lang-
moen et al., 1981; Sah et al., 1985; Lancaster and Adams, 1986;
Madison and Nicoll, 1986a, b) might arise from the weak NA
innervation in stratum oriens and radiatum,

In CA3, the highest density of NA terminals is found in stra-
tum lucidum, which corresponds to the zone where mossy fibers
of granule cells make excitatory synapses on CA3 pyramidal
cells. The reported frequency-dependent modulation of these
synapses by NA (Hopkins and Johnston, 1988) may represent
the functional consequence of this innervation. However, recent
studies by Milner and Bacon (1989) indicate the existence of
frequent synaptic junctions between tyrosine hydroxylase-im-
munostained terminals and presumed pyramidal cell dendrites
in the stratum lucidum of CA3. These could account for some
direct effects of NA on the pyramidal cells, such as a modulation
of Ca?* currents (Gray and Johnston, 1987; Fisher et al., 1988).

In DG, the highest density of NA innervation was that of the
polymorph layer. Therefore, the prime target of this NA inner-
vation might be hilar interneurons, upon which excitatory ac-
tions of NA have indeed been reported (Pang and Rose, 1987).
However, granule cells also might be directly influenced by NA,
since there is a moderate NA innervation in the stratum mo-
leculare and evidence for the presence of tyrosine hydroxylase-
immunostained synaptic terminals on dendrites in this layer
(Milner and Bacon, 1989). This interrelationship might underlie
the short- (Gray and Johnston, 1987; Haas and Rose, 1987,
Lacaille and Schwartzkroin, 1988c¢) and long-lasting effects of
NA on granule cell excitability (Neuman and Harley, 1983), the
latter reportedly unique to the DG (Stanton and Sarvey, 1985;
Hopkins and Johnston, 1988; Madison and Nicoll, 1988). As
there seem to be structural differences between presumed NA
terminals on hippocampal pyramidal cells versus interneurons
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(Frotscher and Leranth, 1988), it will be interesting to examine
further the fine structure of this innervation in relation to the
various actions of NA in the different hippocampal regions.
Differences in terms of both nonjunctional and junctional re-
lationships with cellular targets might then be detected, and
these could also contribute to the diversity of physiological ac-
tions of NA in the hippocampus.
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