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We investigated the projection from the infralimbic division of the prefrontal cortex (area 25) to histaminergic neurons in the poste-
rior hypothalamic area. Phaseolus vulgaris-leucoagglutinin (PHA-L) was injected in the prefrontal cortex of rats. Frozen brain sec-
tions were subjected to combined PHA-L and histidine decarboxylase (HDC)-peroxidase immunocytochemistry, using nickel-en-
hanced diaminobenzidine (blue reaction product) to visualize the transported PHA-L, and diaminobenzidine (brown reaction prod-
uct) to visualize simultaneously the HDC-containing neurons. PHA-L-labeled fibers could be seen coursing in the capsula interna,
leaving the telencephalon via the anterior thalamic radiation and the medial forebrain bundle. In the lateral and posterior hypothalam-
ic areas, PHA-L-labeled fibers leave the medial forebrain bundle and traverse the nuclei containing HDC-immunoreactive neurons.
Varicosities on the PHA-L-labeled fibers, the majority of which occur en passant, could be observed in close association with the
HDC-immunoreactive neurons. The results suggest that the hypothalamic histaminergic neurons receive afferent synaptic input from
neurons of the infralimbic division of the prefrontal cortex.

The neurochemistry, morphology and pattern of
anatomical connectivity of the neuronal system in the
central nervous system (CNS) containing the neuro-
transmitter candidate histamine®!? have recently re-
ceived broad attention. Histaminergic perikarya oc-
cur only in the posterior hypothalamic region”>"
323 including the nucleus tuberalis magnocellularis
(TM, nomenclature of Bleier et al.“), nucleus cauda-
lis magnocellularis (CM) and nucleus caudalis mag-
nocellularis postmammillaris (PCM). Histaminergic
fibers form extensive plexuses in all regions of the
CNS, with the highest fiber densities in the hypothal-
amus and in forebrain areas®. The organization of
the ascending and descending projections from the
histaminergic nuclei has been determined'?*
*8_Both histaminergic perikarya and fibers have been
examined at the ultrastructural level'®?"**%_ Colo-

calization of histamine with various other neuroac-
tive substances has been suggested'*!5:17:20-29.
3134 In sharp contrast with this wealth of data, very
little is known of the afferent connections of the his-
taminergic neurons. The main reason for this lack of
data is that the majority of the histaminergic neurons
appear spread in a thin sheet at the ventrolateral sur-
face of the posterior hypothalamus. This architecture
severely restraints experimental approaches with ret-
rogradely transported markers.

Our present knowledge of the afferent connections
of the hypothalamic areas containing the histaminer-
gic neurons is only indirect, i.e., in various antero-
grade tracing studies termination zones have been
described in areas adjacent to or partially overlap-
ping TM, CM and PCM, of fibers originating in the
olfactory tubercle!!, the subiculum®!®%, the sep-
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tum®, the dorsal tegmental region®, and the prefron-
tal cortex>!8. Unfortunately, the nuclei containing
histaminergic neurons were neither cytoarchitectoni-
cally nor chemically identified in these studies.

With the anterograde tracing technique based on
injection, uptake and transport of the plant lectin
Phaseolus vulgaris-leucoagglutinin (PHA-L), it is
possible to study in detail the cell population of origin
as well as the course and the terminations of nerve fi-
bers in the CNS7*3* With a recently developed
double-label immunocytochemical technique for vis-
ualizing anterogradely transported PHA-L and, si-
multaneously, neurons containing histidine decar-
boxylase, which is the rate-limiting synthetizing en-
zyme of histamine®®?’, it is possible to determine the
afferent connections of histaminergic neurons. Since
the projections of the infralimbic division of the pre-
frontal cortex to the posterior hypothalamic region
are well documented?'®, we chose to study this possi-
ble input to the histaminergic neurons.

We used 22 young adult female Wistar rats (180 g
b. wt.). Under deep anesthesia, Phaseolus vulgaris
leucoagglutinin (PHA-L; Vector Labs, U.S.A.; 25
ug/ul) dissolved in 50 mM Tris-buffered saline, pH
7.4, was injected in the infralimbic cortex (area 25)
through glass micropipettes (tip diameter 10-20
um), using a positive-pulsed 6-uA DC current (7 s
on/7 s off) for 15~30 min. Five to 8 days after surgery,
the rats were reanesthetized with sodium pentobarbi-
tal and perfused transcardially at a constant hydro-
static pressure'® with 100 ml of physiological saline
solution, of 38 °C, pH 6.9, followed immediately by
1500 ml of a mixture of 4% freshly depolymerized
paraformaldehyde, 0.1% glutaraldehyde and 0.2%
picric acid in 125 mM phosphate buffer, pH 7.3
(room temperature). Frozen sections of 40 gm thick-
ness were incubated according to a double perox-
idase immunocytochemical procedure®¥. The sec-
tions were incubated in goat anti-PHA-L (Vector
Labs, U.S.A. 1:8000) mixed with rabbit anti-histi-
dine decarboxylase (anti-HDC, kindly provided by
Drs. T. Watanabe and H. Wada, Tohuku University
School of Medicine and Osaka University School of
Medicine, Japan,; final concentration 1:3000) in Tris-
buffered saline (TBS) to which 0.5% Triton X-100
(Sigma, St. Louis, U.S.A.) was added. The incuba-
tion was continued with a mixture of donkey anti-
goat whole serum and swine anti-rabbit whole serum
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Fig. 1. Drawing of a transverse section through the site of
PHA-L injection in the infralimbic cortex (IC), in a representa-
tive case (86183). Double-peroxidase immunocytochemistry
for PHA-L and HDC. At this level, no HDC-immunoreactive
structures are visible. The triangles and circles indicate PHA-
L-labeled pyramidal and non-pyramidal neurons, respectively.
PHA-L-labeled fibers can be seen intracortically, running to-
wards the basal forebrain, and in the capsula interna. AC, nu-
cleus accumbens; CA, commissura anterior; CC, corpus callo-
sum; IC, infralimbic cortex; LOT, lateral olfactory tract; PO,
primary olfactory cortex; TT, taenia tecta; TU, tuberculum ol-
factorium; I, lateral ventricle.

(Nordic Immunology, Tilburg, Netherlands; both
1:50, final concentration). Finally, the sections were
incubated for 1 h with goat peroxidase-antiperoxi-
dase (goat PAP, Nordic, 1:400) and reacted with Ni-
enhanced diaminobenzidine®. After rinsing in TBS,
the sections were incubated in rabbit-PAP (Nordic,
1:500 in TBS with 0.5% Triton X-100, pH 7.6) and
reacted with diaminobenzidine. PHA-L-labeled fi-
bers appear dark blue to black, while the HDC-im-
munoreactive cell bodies and dendrites show a light
brown color. HDC-immunoreactive fibers, except in
the hypothalamus, remain unstained. In parallel in-
cubations, instead of the pooled primary antisera, we
used control antisera: goat anti-PHA-L only, or rab-
bit anti-HDC only. Sections were also incubated in
TBS without primary antisera. After the immunocy-
tochemistry, the sections were mounted, dehydrated
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Fig. 2. Chartings of PHA-L-labeled fibers (fibers) and HDC-
immunoreactive cell bodies (black dots) in transverse sections
at 3 rostrocaudal (A—C) levels through the posterior hypotha-
lamic region. Double-peroxidase immunocytochemistry for
PHA-L and HDC, following PHA-L injection in the infralim-
bic cortex (rat 86183). AM, amygdaloid complex; CM, nucleus
caudalis magnocellularis; CP, commissura posterior; F, fornix;
FR, fasciculus retroflexus; LM, lemniscus medialis; MD, me-
diodorsal nucleus; MFB, medial forebrain bundle; MMN, me-
dial mammillary nucleus; MT, mammillothalamic tract; PC,
pedunculus cerebri; PCM, nucleus postmammillaris magnocel-

and coverslipped. Some sections were counterstained
with Cresyl violet.

The majority of the injections (16 out of 22) ap-
peared to be centered in the deep layers of the infra-
limbic cortex (area 25; Fig. 1). We restrict the pres-
ent report to the PHA-L-labeled fibers leaving the

- telencephalon through the anterior thalamic radia-

tion and the medial forebrain bundle (MFB). Most
PHA-L-labeled fibers in the anterior thalamic radia-
tion reach the mediodorsal nucleus and the anterior
portion of the nucleus reuniens of the thalamus, and
form dense terminal arborizations in both nuclei.

In the dorsal hypothalamic area, a cluster of histi-
dine decarboxylase (HDC)-immunoreactive peri-
karya is present at the dorsal tip of the third ventricle
(TM*, located ventral to the caudal portion of nu-
cleus reuniens thalami, Fig. 2A). In the same trans-
verse plane through the diencephalon, HDC-immu-
noreactive neurons appear near the hypothalamic
pial surface. This is the rostralmost extension of the
CM (Figs. 2A, B and 3A). At more caudal levels, the
CM consists of a lamina of HDC-immunoreactive
neurons located directly beneath the hypothalamic
pial surface. The caudal part of the CM is continuous
with the PCM (Fig. 3C), of which the main portion
lies directly underneath the pial surface, lateral and
slightly dorsal to the lateral mammillary nucleus. The
PCM further extends to the caudalmost pole of the
postmammillary nucleus. A few solitary HDC-immu-
noreactive neurons are present in the area between
the TM and CM. The HDC-immunoreactive neurons
are mostly bi- or tripolar with dendrites up to
150-200 pem long (Fig. 3C, D; see also ref. 35). In the
hypothalamus, a weakly stained plexus of HDC-im-
munoreactive fibers can be observed.

Along their trajectories in the MFB, the PHA-L-
labeled fibers continuously give off collaterais and en
passant and terminal varicosities. Bundles of fibers
diverge from the MFB and reach the thalamus and
the lateral, dorsal and posterior hypothalamic areas.
The thalamic nuclei receiving MFB-fibers are the
mediodorsal nucleus (Fig. 2A), which receives also
PHA-L-labeled fibers via the anterior thalamic ra-

lularis; R, nucleus reuniens thalami; RM, recessus mammillaris
of the third ventricle; SM, nucleus supramammillaris; SN, sub-
stantia nigra; ST, stria terminalis; TM, nucleus tuberalis mag-
nocellularis; I, third ventricle.
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Fig. 3. A: transverse section through the rostral portion of the nucleus caudalis magnocellularis (CM). Double-peroxidase immunocy-
tochemistry for PHA-L and HDC, following PHA-L injection in the infralimbic cortex. The cell bodies show HDC-immunoreactivity
(DARB reaction product, brown), while all the fibers are PHA-L-labeled (nickel-enhanced DAB reaction product, blue). Notice that
the main part of the CM receives relatively few PHA-L-labeled fibers. The boxed area is shown in C, D. Bar = 100 um. B: HDC-im-
munoreactive neuron in the TM. A PHA-L-labeled fiber forms an en passant varicosity (a) in close association with a dendrite, and
forms also a terminal varicosity (b) in close apposition to the perikaryon of this neuron. Bar = 25 um. C and D: micrographs focused at
two different levels of the same section (boxed area A), showing the delicate network of PHA-L-labeled fibers in the lateral hypotha-
lamic area. At the sites indicated by an arrow, an en passant varicosity is present on the PHA-L-labeled fibers, in close association with
a perikaryon or a dendrite of a HDC-immunoreactive neuron. Bar = 50 um.
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diation, the caudal portion of the nucleus reuniens
(Fig. 2A) and the nucleus gelatinosus. Beyond the
hypothalamus, the MFB continues into the ventral
tegmental area.

PHA-L-labeled fibers, branching from the MFB,
are abundantly present in the TM, and form en pas-
sant varicosities in close proximity to the HDC-im-
munoreactive cell bodies and their dendrites (Fig.
3B). These close associations strongly suggest the
presence of synaptic contacts. In the lateral and post-
erior hypothalamic regions, the majority of the PHA-
L-labeled fibers form an extensive, loose plexus, with
the highest density in a zone subjacent to the brain
surface. This zone extends from the caudal border of
the supraoptic nucleus to the caudalmost border of
the mammillary body, with an interruption ventral to
the mammillary recess of the third ventricle, and cov-
ers parts of the CM, and the entire PCM. The rostral
and dorsal parts of the CM receive numerous PHA-
L-labeled fibers of which many form en passant vari-
cosities in the close proximity to HDC-immunoreac-
tive perikarya and dendrites (Figs. 3A, C, D). The
ventral half of the CM and a less dense bridge of
HDC-immunoreactive cells between the main por-
tion of the CM and the lateral sulcus of the mammil-
lary recess of the third ventricle receive relatively
few PHA-L-labeled fibers. The medial part of the
medial mammillary nucleus and the supramammil-
lary nucleus receive a dense innervation by PHA-L-
labeled fibers (Fig. 2B). Labeled fibers cross also in
the supramammillary decussation and innervate the
contralateral PCM (Fig. 2C). In the PCM, numerous
en passant varicosities on the labeled fibers closely
appose HDC-immunoreactive perikarya or den-
drites. The lateral and caudal aspects of the posterior
mammillary nucleus are surrounded by a thin layer of
PHA-L-labeled fibers.

The results of the present tracing study are in gen-
eral agreement with previous autoradiographic trac-
ing studies®'®. The $mall differences between these
and our findings, e.g., the appearance of scattered
PHA-L-labeled fibers in the stria terminalis, can be
explained by the circumstance that by PHA-L-label-
ing individual fibers are directly labeled, with little or
no background, while the autoradiographic tech-
nique is based on indirect detection, i.e., on exposing
silver halide crystals to radiation emitted by fibers
containing radioactive label. To raise the signal to a

significant detection level with this technique. a suffi-
cient amount of label is necessary, often only ob-
tained by the combined radioactivity emitted by sev-
eral fibers™.

In the present study we observed that PHA-L-

labeled fibers originating in the infralimbic cortex

form varicosities in the lateral and posterior hypo-
thalamus in close apposition with HDC-immunoreac-
tive neurons. Recently it has been observed electron
microscopically that varicosities of PHA-L-labeled
fibers may contain synaptic vesicles and presynaptic
membrane specializations®. Thus, it is likely that the
varicosities of the PHA-L-labeled fibers seen in the
light microscope actually represent synaptic axon
terminals. It must be noted that the far majority of
the varicosities on the PHA-L-labeled fibers were
seen en passant in close vicinity to HDC-immuno-
reactive cell bodies and dendrites. Complex or spe-
cialized terminations in close proximity to HDC-im-
munoreactive neurons were not observed. The num-
ber of PHA-L-labeled varicosities apposing HDC-
immunoreactive profiles is only a fraction of the total
number of observed varicosities on PHA-L-labeled
fibers in this area. Further, among the HDC-immu-
noreactive neurons of the lateral and posterior hypo-
thalamic regions, those located in the TM and the
PCM seem to receive the most extensive fiber input
from the infralimbic cortex. A major portion of the
CM remains virtually free of PHA-L-labeled fibers.
Thus, only part of the histaminergic hypothalamic
neurons seems to receive synaptic input of prefrontal
cortical origin. Taken together, this suggests that
HDC-immunoreactive neurons are not specific tar-
gets of the prefrontohypothalamic fibers. We must
therefore assume that, in addition to histaminergic
neurons, also non-histaminergic neurons in the post-
erior hypothalamic area receive synaptic contacts of
prefrontohypothalamic fibers. While the chemical
identity of the majority of the neurons present in the
posterior hypothalamus is still undocumented, im-
munoreactivity against glutamic acid decarboxyl-
ase’’* adenosine deaminase'’?", galanin'®, sub-
stance P and Met-enkephalyl-Arg®-Phe’ heptapep-
tide!* has been observed in neurons in the termi-
nation area of the PHA-L-labeled fibers. In a num-
ber of these neurons, however, these substances ap-
pear to be co-localized with HDC!#13:17:2029,

It is apparent from previous studies* %3 that



the histaminergic fibers form extensive networks in
the telencephalon. It is further assumed that hista-
mine has widespread neuromodulatory effects!®. Fol-
lowing intracerebral injections of histamine, a seda-
tive effect has been measured on the electroenceph-
alogram®. Also normal locomotor activity' or meth-
amphetamine-induced locomotor hyperactivity'? can
be suppressed by injection of histamine. Further, in
hippocampal slice preparations, histamine perfusion
reduces the inhibitory postsynaptic potential of pyra-
midal cells?!. Since it is likely that the varicosities
formed between the PHA-L-labeled prefrontohypo-
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