The Journal of Neuroscience, December 1988, 8(12): 45764588

Parabrachial Innervation of the Cat’s Dorsal Lateral Geniculate
Nucleus: An Electron Microscopic Study Using the Tracer Phaseolus

vulgaris Leucoagglutinin (PHA-L)

Josephine B. Cucchiaro, Daniel J. Uhlrich, and S. Murray Sherman
Department of Neurobiology and Behavior, State University of New York at Stony Brook, Stony Brook, New York 11794-

5230

Ascending pathways from the brain stem play a key role,
generally facilitatory, in controlling the transmission of ret-
inal information through the lateral geniculate nucleus to the
visual cortex (for reviews, see Singer, 1977; Burke and Cole,
1978; Sherman and Koch, 1986). In order to characterize the
morphological basis of this brain-stem control, we used the
electron microscope to study synaptic terminals labeled an-
terogradely from injections of the tracer Phaseolus vulgaris
leucoagglutinin into the parabrachial region of the brain stem.
The labeled axons, which are fine and unmyelinated in our
material, form conventional synaptic contacts onto both re-
lay cells and interneurons. These connections are surpris-
ingly selective for certain postsynaptic elements such as the
dendritic shafts and appendages of relay cells and the pre-
synaptic dendritic terminals of interneurons. That is, the mor-
phology of contacts made from parabrachial axons varies
with the specific postsynaptic profile. Even a single axon
can form symmetrical contacts onto F2 terminals, which are
synaptic terminals deriving from dendrites of interneurons,
and dendritic shafts of relay X cells, and form asymmetrical
contacts onto dendritic appendages of the same relay X
cells. Reconstructions of the dendritic segments postsyn-
aptic to the labeled terminals show that the dendritic ap-
pendages receive retinal and parabrachial input in triadic
relationships with F2 terminalis: a retinal or parabrachial axon
contacts the F2 terminal, and the F2 terminal plus the retinal
or parabrachial axon contact the dendritic appendage. This
positioning of the parabrachial innervation is well suited for
control of retinal transmission. Finally, the dual morphology
of the parabrachial synaptic contacts suggests that their
actions may differ depending on the postsynaptic target.

Neurons located in the parabrachial region and locus coeruleus
innervate all known nuclei of the thalamus that are engaged in
visual processing, including all laminae of the cat’s dorsal lateral
geniculate nucleus, and lateral posterior-pulvinar complex (Le-
ger et al., 1975; Ahlsen and Lo, 1982; Hughes and Mullikin,
er et al.,, 1975; Ahlsen and Lo, 1982; Hughes and Mullikin,
1984; De Lima and Singer, 1987; Smith et al., 1988; Uhlrich
et al., 1988). Activation of neurons in these regions of the cat’s
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brain stem generally facilitates the transmission of retinal signals
through the cat’s lateral geniculate nucleus to the visual cortex
(for reviews, see Singer, 1977; Burke and Cole, 1978; Sherman
and Koch, 1986). The majority of these brain-stem neurons that
innervate the A-laminae of the lateral geniculate nucleus are
cholinergic and are located in the parabrachial region, although
some noradrenergic neurons in the parabrachial region and locus
coeruleus also innervate these geniculate laminae (De Lima and
Singer, 1987).

Some investigators claim that the brain-stem facilitatory ef-
fects on geniculate relay neurons are accomplished indirectly by
disinhibition (i.e., by directly inhibiting local inhibitory GA-
BAergic neurons) without direct brain-stem input to the relay
cells (Ahlsen and Lo, 1982; Ahlsen et al., 1984). Others have
shown evidence for a direct facilitation of relay neurons by
brain-stem axons (Sillito et al., 1983; De Lima et al., 1985; Eysel
et al., 1986; McCormick and Prince, 1987). To address this
controversy and to begin characterizing the morphological basis
for the control by these brain-stem neurons of geniculate relay
cells, we used the electron microscope to study synaptic ter-
minals labeled anterogradely from injections of the tracer Pha-
seolus vulgaris leucoagglutinin (PHA-L) into the parabrachial
region. This represents an extension of the light microscopic
observations reported in the preceding paper (Uhlrich et al.,
1988). A preliminary report of our electron microscopic obser-
vations has appeared (Cucchiaro et al., 1986).

Materials and Methods

PHA-L injection to the parabrachial region. In one cat, PHA-L was
iontophoresed into a single site at the dorsal border of the brachium
conjunctivum, 4 mm lateral to the midline. We used our previously
described parameters for this injection (Uhlrich et al., 1988). Aftera 7
d survival period, the cat was sacrificed for neurohistological processing.
We used an immunohistochemical protocol similar to that described
previously (Gerfen and Sawchenko, 1984; Uhlrich et al., 1988) with
modifications for electron microscopy (Eldred et al., 1983).

Only the modifications are described here. The animal was perfused
with 4% paraformaldehyde and 0.05% glutaraldehyde (EM Grade) in
sodium phosphate buffer at pH 7.4, and the brain was stored overnight
at 4°C in 4% paraformaldehyde buffered with 0.05 M sodium borate at
pH 9.5. On the following day, we used a Vibratome to cut 50 xm coronal
sections through the lateral geniculate nucleus ipsilateral to the PHA-L
injection site. We exposed the sections to a graded series of alcohols
(10, 20, 40, 20, and 10%) for 5 min each, and we avoided all use of
Triton X-100. The sections were incubated in primary antibodies di-
rected against PHA-L (Vector Labs) for 72 hr. We then visualized the
PHA-L immunohistochemically using the avidin-biotin method (Ger-
fen and Sawchenko, 1984; Uhirich et al., 1988) and reaction of the
attached HRP with diaminobenzidine.

The sections were examined under the light microscope to identify
those with labeled fibers. These sections were postfixed with osmium
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Figure 1. Line drawing of a section through the cat’s midbrain showing
the PHA-L injection site (stippled area). IC, inferior colliculus; BC,
brachium conjunctivum; LC, locus coeruleus; P, pyramidal tract.

tetroxide, embedded in Epon, and prepared for electron microscopic
analysis. Because our immunohistochemical protocol often limited pen-
etration of the antibodies to 8-10 um from the surface of each 50 um
section, single axons from this animal could not be reconstructed through
serial sections at the light microscopic level. Our electron microscopic
analysis focused instead on limited extents of individual, labeled axons
located near the surfaces of the thick sections.

Serial thin sections were cut and mounted onto Formvar-coated, slot-
ted grids and stained with uranyl acetate and lead citrate. We examined
and photographed every section. We analyzed 2 blocks of tissue, each
taken from the binocular portion of the geniculate A-laminae; the blocks
were separated from one another by about 2 mm. This separation pre-
cludes the possibility that reconstructed postsynaptic dendrites from the
2 regions belong to a single geniculate cell. The first block contained 7
labeled axon segments that we traced as far as possible through a single
progression of 290 serial sections. Likewise, we traced 5 labeled axon
segments as far as we could through the second block in a single sequence
of 144 serial sections. We reconstructed portions of 24 dendritic arbors
that were postsynaptic to labeled terminals.

We determined the sizes of labeled terminals at sites of synaptic
contact by measuring the long and the short diameters of each terminal
on prints at a magnification of 27,000; we averaged these values to
arrive at a single measure of diameter. We also assessed the extent of
postsynaptic density for each contact that was cut perpendicular to the
membranes and for which a complete series of sections through the
synaptic contact site was available. The maximum extent of this density
through the series was taken as the measure of its size. These measure-
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Figure 2. Diameter distributions of labeled parabrachial boutons mea-
sured with the light and electron microscopes (LM and EM, respec-
tively).

ments were made from prints at a magnification of 46,000. Two in-
dependent observers measured each synaptic contact. When the mea-
surements by the 2 observers differed, the differences were almost always
less than 5 nm, and the average of the 2 measures was taken as our
estimate of the extent of the postsynaptic density. From the same prints,
we also estimated the widths of the synaptic clefts by calculating the
widest distance between the pre- and postsynaptic membranes in each
reconstructed synaptic contact zone.

PHA-L injections into the visual cortex. In a second cat, a small
amount of PHA-L was injected into the visual cortex to label cortico-
geniculate axons and terminals in the lateral geniculate nucleus. The
injection parameters and immunohistological processing from this cat
were identical to those decribed above for the animal with PHA-L
injected into the parabrachial region. Because the morphology of cor-
ticogeniculate terminals has been described from a variety of other
techniques (Jones and Powell, 1969; Robson, 1983; Weber and Kalil,
1987), this material from the second cat served as a control against the
possibility that PHA-L labeling itself alters the morphology of the syn-
aptic contact zone.

Statistics. Unless otherwise noted, all statistical comparisons are based
on the Mann-Whitney U test.

Results

General features of the PHA-L labeling

Figure 1 shows the site of the injection of PHA-L in the para-
brachial region. As described in the previous paper (Uhlrich et
al., 1988), this injection labeled fibers in all thalamic nuclei
involved in visual processing. The labeled parabrachial axons
are fine and beaded, with en passant swellings 0.2-1.6 um in
diameter. These swellings are the boutons seen with the light
microscope, and synaptic contacts are often present at these
boutons. In this single animal, we measured a random sample
of labeled boutons with the light microscope and did the same
for a second, smaller sample with the electron microscope. Fig-
ure 2 shows that the size distributions for the 2 populations are
remarkably similar, suggesting that we have not overlooked a
population of labeled boutons in our electron microscopic anal-
ysis.

Identification of unlabeled synaptic terminals

We used Guillery’s (1969a) classification and terminology to
identify synaptic terminals in the neuropil of the geniculate
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Figure 3. Electron micrographs of synaptic contacts from labeled parabrachial axons in the A-laminae of the cat’s lateral geniculate nucleus.
Synaptic contact sites are indicated by black triangles; these are outlined in white for the labeled terminals and are solid (i.e., not outlined) for
other terminals. 4—C, Contacts onto dendritic appendages (app) of presumed relay X cells. D-F, Contacts onto the presynaptic dendritic terminals
(F2) of interneurons. Notice that the extent of the postsynaptic density varies with the postsynaptic partner. The labeled terminals in 4 and D are
from a single axon reconstructed in Figure 4. This is an example of triadic parabrachial input: In 4, the labeled terminal contacts the appendage
of a relay cell (outlined triangle), and the same appendage also receives input from an F2 profile (solid triangle); in an adjacent section (D), the
labeled axon contacts the same F2 terminal as in A (outlined triangle), which contacts the appendage (solid triangle). A retinal terminal (not
illustrated) also enters into a triadic synaptic relationship with the same F2 profile and dendritic appendage shown in 4 and D. Scale bar in F also

applies to A-F.

A-laminae. Both RLP (Round vesicles, Large profiles, Pale mi-
tochondria) and RSD (Round vesicles, Small profiles, Dark
mitochondria) teminals form asymmetrical synaptic contacts.
Two types of F terminals (containing Flattened or pleomorphic
vesicles), which form symmetrical synaptic contacts, are distin-
guished. F1 terminals have a darker cytoplasm and denser ac-
cumulation of vesicles than do F2 terminals. Also, F1 terminals
are strictly presynaptic in relation to other profiles, while F2
terminals are both pre- and postsynaptic. RLP terminals are
known to derive from the retina (Szentagothai et al., 1966;
Guillery, 1969a, b; Robson and Mason, 1979) and F2 terminals
are known to be the specialized dendritic appendages of genic-
ulate interneurons (Famiglietti and Peters, 1972; Hamos et al.,
1985; Montero, 1986). The sources of RSD and F1 terminals
are less clear. Many RSD terminals are cortical in origin (Jones
and Powell, 1969; Robson, 1983; Weber and Kalil, 1987), and
most F1 terminals derive from local inhibitory neurons, in-

cluding geniculate interneurons (Montero, 1987; J. E. Hamos,
unpublished observations) and cells of the nearby perigeniculate
nucleus (Cucchiaro et al., 1985). However, we present evidence
below that some of the terminals that would be identified in
unlabeled material as RSD or F1 terminals may have their origin
in the parabrachial region of the brain stem.

Synaptic circuitry of the labeled parabrachial axons

Labeled synaptic terminals. We found that labeled terminals
form synaptic contacts onto dendritic shafts and appendages of
presumed geniculate relay cells and also onto F2 terminals of
interneurons. Figure 3, A-C illustrates synaptic contacts from
the labeled terminals onto dendritic appendages, and Figure 3,
D-F illustrates such contacts onto F2 terminals. A series of
consecutive sections through several synaptic contact zones are
also shown in Figures 4 and 5. Synaptic vesicles are densely
distributed throughout the labeled axons, filling both the swell-



ings or boutons at which synaptic contacts are made, as well as
the nonsynaptic areas between swellings (Fig. 6). The labeled
axons have also been seen directly apposed to retinal terminals,
but no synaptic specializations have been seen between these
parabrachial axons and retinal terminals (Fig. 6B). The cyto-
plasm of each labeled bouton is completely filled with the dense,
electron-opaque reaction product, leaving only mitochondria
and synaptic vesicles devoid of label. Since features of the la-
beled terminals such as vesicle shape and cytoplasmic density
could not be evaluated with any confidence, we instead focused
on analysis of the cleft and postsynaptic portion of the synaptic
specializations.

The axons labeled from the parabrachial region of the brain
stem form synaptic contacts in the geniculate neuropil onto
dendritic appendages, dendritic shafts, and F2 terminals. We
found no synaptic contacts onto somata or any axonal profiles.
Most of the synaptic contacts we have analyzed occur at boutons
en passant along the length of the labeled axons, although one
synaptic contact was made by a terminal appended to the main
axon by a short stalk (Fig. 8). The synaptic contact from this
appended terminal is illustrated in Figure 3C. We have seen
some swellings that do not appear to form synaptic contacts,
while others can establish up to 3 synapses (Figs. 7-9).

Profiles postsynaptic to labeled terminals. Many synaptic con-
tacts from the labeled parabrachial axons are formed onto den-
dritic appendages and shafts of geniculate neurons (Figs. 7-9).
Qur serial reconstructions show that labeled parabrachial axons
are selective for particular postsynaptic targets that seem to be
associated with distinctive geniculate cell types (Figs. 7-9). Den-
drites postsynaptic to the labeled parabrachial input have clus-
tered dendritic appendages and receive triadic retinal input.
However, the dendritic segments illustrated are not from a single
parent geniculate cell because the dendritic segments recon-
structed in Figure 7 are about 2 mm away from the dendritic
segments shown in Figures 8 and 9 (see Materials and Methods).

In some cases, we have been able to demonstrate that the
dendritic shafts and appendages belong to the same postsynaptic
neuron and that the appendages of these cells are clustered in
complex arrays. Reconstructions of portions of these postsyn-
aptic neurons indicate that they receive most of their retinal
inputs onto their dendritic appendages in triadic relationships
with F2 terminals (Famiglietti and Peters, 1972). That is, a
retinal terminal contacts an F2 terminal, and both of these ter-
minals contact the same dendritic appendage. In the reconstruc-
tions shown in Figures 7-9, 15 of the 18 retinal contacts shown
onto the dendritic segments that are postsynaptic to the para-
brachial input are involved in such triadic relationships. These
triadic synapses usually occur within glomerular zones, which
are regions of complex synaptic relationships (Szentagothai et
al., 1966). Synapses from labeled parabrachial axons are often
peripherally located in these same glomeruli. An example is
shown in Figure 10.

The labeled terminals from parabrachial axons also synapti-
cally contact F2 terminals. Because these F2 terminals are con-
nected to each other and to their parent dendrites by long, thin
processes (see Hamos et al., 1985; Montero, 1986), we were
unable to reconstruct them further. Often the same labeled axon
contacts an F2 terminal and a dendritic appendage, with a syn-
aptic contact formed from the F2 terminal onto the dendritic
appendage (Figs. 3, 7-9). This represents a triadic arrangement
that is similar to the one described above for retinal axons,
except that for retinal axons, the same terminal is presynaptic
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Figure 4. Electron micrographs of serial sections through 2 asym-
metrical synapses formed by parabrachial axons onto dendritic ap-
pendages (a). A, Four sections through the synaptic contact zone (ar-
rowheads) of the synapse shown in Figure 34. Synaptic vesicles densely
fill the terminal. Because the postsynaptic density is comparatively thick
in the second panel, this synapse has been classified as asymmetrical.
However, the 2 adjacent sections have little density associated with the
postsynaptic membrane, and any of these sections in isolation might
lead to an inappropriate identification of this contact as symmetrical.
The synaptic cleft of this contact is relatively wide. B, Four sections
through a synaptic contact zone (arrowheads). The terminal is filled with
synaptic vesicles, and dark mitochondria can be identified in the ter-
minal when compared with the pale mitochondrion to the lower lefi.
The synaptic cleft of this contact is relatively narrow compared with
that shown in 4, but there is a relatively thick postsynaptic density,
leading to the contact’s identification as asymmetrical. Scale bar in the
bottom panel of B applies to all panels.

to both the F2 terminal and the dendritic appendage; for para-
brachial axons, different terminals are often presynaptic to each
structure, although we have seen cases for which a single para-
brachial terminal is presynaptic to both an F2 terminal and a
dendritic appendage. Often a retinal terminal and parabrachial
axon will synapse on the same F2 terminal and dendritic ap-
pendage. Such arrangements are illustrated by electron micro-
graphs in Figure 3 (see the legend for details), by the reconstruc-
tion in Figure 8, and by the schematic drawing in Figure 11.

Morphometry of synaptic contacts from parabrachial axons

Postsynaptic densities. Synaptic contacts established from para-
brachial axons onto dendritic appendages are striking because
they usually exhibit a considerable postsynaptic density or thick-
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Figure 5. Electron micrographs of se-
rial sections through 3 symmetrical
synaptic contacts formed by parabra-
chial axons. 4, Three sections through
the contact zone of the synapse shown
in Figure 3D, which is formed onto an
F2 terminal (F2). This zone (arrow-
heads) is characterized by a narrow cleft
between the pre- and postsynaptic
membranes (identifiable in the 2 sec-
tions indicated by arrowheads), by dense
material in the cleft, and by a minimal
postsynaptic density. Therefore, this
contact is symmetrical. B and C, Three
adjacent sections through each of 2 syn-
apses (arrowheads) formed onto den-
dritic shafts (d) of geniculate cells in the
extraglomerular neuropil. Both synap-
ses have narrow clefts, with dense ma-
terial in the cleft and minimal amounts
of postsynaptic density. These have been
classified as symmetrical synapses. Scale
bar in the bottom panel of C applies to
all panels.

ening (Figs. 3, A-C; 4). In contrast, synaptic contacts formed
onto F2 terminals and onto dendritic shafts are relatively small,
being present in only 2 or 3 serial sections, and have little or
no postsynaptic density associated with the contact zone (Figs.
3, D-F; 5). Serial reconstructions show that a single labeled
axon can contact all 3 classes of postsynaptic profile (i.e., den-
dritic shaft, dendritic appendage, and F2 terminal) and form
contacts that include both thick and thin postsynaptic densities,
the density thickness depending on the postsynaptic partner
(Fig. 7). To verify this apparent distinction between thin and
thick postsynaptic densities from the labeled terminal boutons,
we quantitatively assessed the amount of postsynaptic density
associated with synapses. This was done by measuring the post-
synaptic thickening of synapses from unlabeled RSD, RLP, F2,
and F1 terminals, as well as from terminals labeled with PHA-L
from the visual cortex and from the parabrachial region (Fig.
12).

For the unlabeled terminals, the amount of postsynaptic
thickening does indeed vary among the different terminal types.
RSD terminals produce the thickest postsynaptic densities as-
sociated with synaptic contact sites, ranging from 30 to 65 nm
(Fig. 124), and F1 terminals have the thinnest densities, ranging
from 15 to 30 nm (Fig. 12D). RLP and F2 terminals, both
distinguishable by other morphological criteria, are interme-
diate in this regard (Fig. 12, B, C; see also Rapisardi and Lip-
senthal, 1984). All of the pairwise comparisons of postsynaptic
density among these terminal populations are statistically sig-
nificant (p < 0.001 for all comparisons except that between F1
and F2 terminals, for which p < 0.05).

The terminals labeled from visual cortex have thick postsyn-
aptic densities (Fig. 12E), very much in agreement with mea-
surements for the unlabeled RSD terminals. Interestingly, al-
though the mean postsynaptic density from unlabeled RSD

terminals is not statistically different from those of labeled cor-
tical terminals (p > 0.1), much more variance exists for the
former population than for the latter (p < 0.001 on an F test),
This suggests the possibility that unlabeled RSD terminals are
a more heterogeneous population than are identified cortical
terminals, perhaps because these RSD terminals include some
individuals from noncortical sources (see Discussion). Finally,
the average postsynaptic density of the labeled cortical terminals
is greater than that for each of the RLP, F2, and Fl terminal
populations (p < 0.001 for each comparison).

On average, the labeled parabrachial terminals form contacts
with thinner postsynaptic densities than do RSD, RLP, or la-
beled cortical terminals (p < 0.001 for each comparison), but
no significant difference exists between the mean densities of
parabrachial terminals and those of F2 and F1 terminals (p >
0.1 for each comparison). However, the labeled parabrachial
terminals form synapses with a wide range of postsynaptic thick-
nesses (Fig. 12F). In fact, more variance is seen for this popu-
lation than any other illustrated in Figure 12 (p < 0.01 to p <
0.001 on an Ftest for each pairwise comparison). The differences
in average postsynaptic density thickness and variance between
labeled parabrachial and cortical terminals demonstrate that the
labeling per se does not dictate the extent of postsynaptic thick-
ening.

Finally, the thickness of the postsynaptic density for the la-
beled parabrachial terminals depends upon the postsynaptic
partner (Fig. 12F). That is, the contacts onto dendritic append-
ages tend to display more postsynaptic thickening (35-70 nm)
than do either those onto F2 terminals or those onto dendritic
shafts (15-35 nm, with one contact of 53 nm). These differences
are statistically significant (p < 0.001 for each of the 2 com-
parisons). No density difference is seen between the synapses
formed onto F2 terminals and those formed onto dendritic shafts
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Figure 6. Electron micrographs of serial sections through 3 nonsynaptic regions of parabrachial axons. 4, Longitudinal sections through part of
an axon (asterisks) running through the extraglomerular neuropil. The widened portion of the axon is densely packed with vesicles and contains
mitochondria, but it does not make any identifiable synapses. However, we cannot rule out the possibility that a synapse is present that has been
cut tangentially. B, Three adjacent sections through part of a parabrachial axon (asterisks) entering a synaptic glomerulus. This axon is filled with
vesicles and is directly apposed to a retinal terminal (RLP), but the parabrachial axon does not form a synaptic contact with the retinal terminal.
The latter terminal contacts (arrow) an F2 terminal (F2), which contacts (open triangle) a dendritic appendage (a). C, Two adjacent sections through
a constricted portion of a labeled axon (asterisks). Synaptic vesicles are present in the axon even though it is barely wide enough to accommodate
a single mitochondrion (), as seen in nearby profiles. Scale bar in the bottom panel of B applies to all panels of 4 and B; the scale bar in the right

panel of C applies to the left panel.

(p > 0.1). If these latter 2 groups are pooled, then they together
form synapses with postsynaptic densities that are thinner than
those formed from RSD terminals (p < 0.001) but equivalent
to those formed by Fl terminals (p > 0.1). Conversely, the
parabrachial synapses formed onto dendritic appendages exhibit
postsynaptic densities that are equivalent to those formed from
RSD terminals (p > 0.1) but thicker than those formed from
F1 terminals (p < 0.001).

Width of synaptic cleft. We also measured the widths of the
clefts associated with synaptic contacts for the various popu-
lations of labeled and unlabeled terminals. As can be seen in
Figure 13, we found no correlation between cleft width and
postsynaptic density for each of the 6 terminal populations (p

> 0.1 for each correlation coefficient), an observation that sup-
ports a previous study of geniculate synapses (Rapisardi and
Lipsenthal, 1984). Even when data from all of these synapses
were pooled, no significant correlation emerged (p > 0.1).

We found that RSD terminals, which have the thickest post-
synaptic densities, tend to have wider synaptic clefts than do
F1 terminals, which have the thinnest postsynaptic densities (p
< 0.01). The labeled cortical terminals may also have wider
clefts than do F1 terminals (p < 0.05). However, on all other
pairwise comparisons among the unlabeled terminal popula-
tions, and between the labeled cortical and RSD, RLP, or F2
terminals, no difference was evident in the mean width of their
synaptic clefts (p > 0.1 on each comparison).
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Figure 7. Serial reconstructions of a
labeled parabrachial axon (stippled
overlay) and dendritic segments post-
synaptic to it; the labeled axon is also
reconstructed separately to the right. All
synaptic contacts onto the dendritic
segments are shown, including those
from labeled parabrachial terminals
(open stars in solid circles), from RLP
terminals (solid squares), from F1 and
F2 profiles (solid triangles), and from
RSD terminals (solid circles). Also
shown are triadic relationships involv-
ing retinal and parabrachial terminals
with F2 terminals and the postsynaptic
dendrites (overlapping symbols). Note
that there are 3 dendritic segments that
are disconnected due to incomplete re-
construction; however, each of the 3 re-
ceives triadic retinal input and inner-
vation from a single parabrachial axon.
The reconstruction at right shows all of
the parabrachial axon’s synaptic out-
puts. This parabrachial axon contacts
dendritic appendages and shafts (open
stars) of presumed relay cells as well as
F2 terminals (open triangles) of inter-
neurons. The asterisks indicate the syn-
apses shown in Figure 3, 4 and D, and
the arrow points to the synapse shown
in Figure 3E.

On average, parabrachial terminals have narrower synaptic
clefts than do RSD terminals (p < 0.001), RLP terminals (p <
0.001), F2 terminals (p < 0.01), F1 terminals (p < 0.05), and
labeled cortical terminals (p < 0.001). Parabrachial terminals
also display much less variation in synaptic cleft width than
does each of the other terminal populations (p < 0.01 on an F
test for each comparison), suggesting that the parabrachial axons
labeled by our smail PHA-L injection may be more homoge-
neous than each of the other populations. Finally, as noted above

4% §

for postsynaptic density, the differences in synaptic cleft param-
eters between labeled cortical and parabrachial terminals indi-
cate that the labeling does not by itself dictate these parameters.

Discussion

Our data show that axons from the parabrachial region of the
brain stem form conventional synaptic contacts onto neurons
in the cat’s lateral geniculate nucleus. Within the geniculate
A-laminae, the parabrachial axons synapse onto dendritic shafts,



Figure 8. Serial reconstructions of a labeled parabrachial axon and a
postsynaptic dendritic segment. Conventions are as in Figure 4. Note
that this axon contacts no F2 terminals. The asterisk indicates the syn-
apse shown in Figure 3C.
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Figure 9. Serial reconstruction of portions of a labeled parabrachial
axon and a postsynaptic dendritic segment. Conventions are as in Figure
4. Although not completely connected, the 2 axonal segments probably
belong to the same axon since this is the only labeled axon in this area
of the neuropil. The parabrachial axon contacts both F2 terminals and
dendritic appendages of a presumed relay X cell. The asterisk indicates
the synapse shown in Figure 3B.
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Figure 10. Electron micrograph of a synaptic glomerulus. The retinal terminal (RLP) contacts 2 F2 terminals, and all 3 then contact the appendage
(app) of a presumed relay X cell (solid triangles). A labeled parabrachial terminal (outlined triangle) also contacts the same appendage. At a different
level through this glomerulus (not illustrated), the labeled axon also contacts an F2 terminal, which then contacts the same appendage. The
parabrachial innervation is peripheral within the glomerulus relative to the retinal input.

dendritic appendages, and F2 terminals. Synapses from para-
brachial terminals have remarkably narrow synaptic clefts com-
pared with those of other terminal types. The parabrachial syn-
apses formed onto dendritic shafts and F2 terminals have little
postsynaptic density associated with the contact zone, while
those formed onto dendritic appendages have more postsynaptic
density. The possibility that these represent symmetrical and
asymmetrical synapses is considered below. In any case, a single
parabrachial axon can form both types of synapse. Finally, we
have reconstructed portions of geniculate cell dendrites postsyn-
aptic to the labeled axons. Many of these have clusters of com-
plex dendritic appendages onto which retinal and F2 terminals
form triadic synaptic contacts, often within glomeruli. Like the
retinal input, the parabrachial axons frequently innervate the
same glomeruli to form synaptic triadic relationships with the
same F2 terminals and dendritic appendages.

Nature of the brain-stem innervation

More than 80% of the parabrachial neurons that can be retro-
gradely labeled after HRP injections into the lateral geniculate
nucleus can be double-labeled with an antibody to choline ace-
tyltransferase (De Lima and Singer, 1987; Smith et al., 1988).
This suggests that most of the parabrachial cells innervating the
lateral geniculate nucleus are cholinergic. It is thus likely that
most of the axons that we have labeled with PHA-L are cho-

linergic. The recent electron microscopic study of De Lima and
colleagues (1985) is interesting in this regard. They analyzed
synaptic terminals stained with antibodies against choline ace-
tyltransferase in the geniculate A-laminae and reported that the
stained terminals have synaptic relationships very similar to
those we have described for parabrachial terminals in the pres-
ent study. The cholinergic terminals often innervate glomerular
zones, forming both symmetrical and asymmetrical synapses
there, an individual cholinergic axons form synaptic contacts
onto both relay cell appendages and F2 terminals in triadic
relationships (De Lima et al., 1985).

Although it is tempting to view the present analysis and that
of De Lima and colleagues (1985) as complementary studies of
the same pathway, there are 2 alternative possibilities that bear
scrutiny. First, it is possible that many of the terminals studied
by De Lima and colleagues (1985) do not derive from the para-
brachial region, since the locus coeruleus also projects a sub-
stantial number of cholinergic axons to the lateral geniculate
nucleus (De Lima and Singer, 1987; Smith et al., 1988). Fur-
thermore, other sources of cholinergic innervation, such as the
basal forebrain and parabigeminal nucleus cannot be completely
ruled out. Second, while our work identifies the parabrachial
region as the source of labeled terminals, we cannot be certain
of the transmitter employed by these terminals. To put this in
a somewhat different context, it is possible that we and De Lima
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Figure 11. Schematic diagram showing the types of triadic input il-
lustrated in Figure 7. A single parabrachial axon contacts a dendritic
F2 terminal of an interneuron and both contact the appendage of a relay
X cell. The parabrachial axon also contacts the dendritic shaft of the
same neuron. Likewise, a single retinal terminal contacts the same F2
terminal and dendritic appendage.

and colleagues (1985) have described the morphology of cho-
linergic innervation to the A-laminae from the parabrachial
region, in which case a description of other pathways (e.g., the
noradrenergic input from the brain stem and the input from the
locus coeruleus) remains to be done. It is also possible that our
2 studies have identified different axonal populations that share
a common morphological pattern of innervation within the lat-
eral geniculate nucleus.

Identification of parabrachial terminals

As noted in Results, 4 major classes of synaptic terminal have
been identified that account for 98% of the terminals found in
the A-laminae of the cat’s lateral geniculate nucleus (Guillery,
1969a, b). Of these, the RLP terminals are known to be retinal
in origin and the F2 terminals are known to derive from den-
dritic appendages of interneurons. Thus, the RSD and F1 ter-
minal populations represent virtually all of the other sources of
extrinsic and intrinsic innervation to the A-laminae. We can
consider how the parabrachial terminals would be identified.
In our material, the PHA-L reaction product is dark and the
osmotic effects of the label cannot be determined, so we have
not evaluated in detail the cytoplasmic density or vesicle shape
in the parabrachial terminals. These important classification
criteria were thus unavailable to us. We have instead analyzed
the synaptic relationships of the labeled parabrachial terminals,
the amount of postsynaptic density associated with their syn-
aptic contact sites, and the widths of their synaptic clefts. The
postsynaptic densities suggest that some parabrachial terminals
might be identified as RSD terminals and-others as F1 terminals
(see Fig. 12). We have noted that unlabeled RSD and F1 ter-
minals are often engaged in synaptic relationships that are sim-
ilar to those we have described for the parabrachial terminals.
However, our analysis of synaptic clefts (Fig. 13) suggests that
the parabrachial terminals as a population are different from
most RSD and F1 terminals, even though individual parabra-
chial terminals cannot be distinguished from the others on the
basis of their synaptic clefts alone. Furthermore, cleft dimension
is rarely used to identify synaptic terminals in the geniculate
neuropil. We thus conclude that it is possible that some of the
terminals identified as RSD or F1 in unlabeled material derive
from the parabrachial region despite our evidence that the para-

The Journal of Neuroscience, December 1988, 8(12) 4585

151 A: RSD ]

104

% 51C:F2

§ V_—l—}'

s J 1
0@

p

L 1D F1

o

&5 s

m

s

|:| onto dend
onto F2

o 10 20 4 40 50 60 70
POSTSYNAPTIC THICKENING (nm)

Figure 12. Histograms comparing the extent of postsynaptic density
for different types of terminals, including RSD terminals (4), RLP ter-
minals (B), F2 terminals (C), F1 terminals (D), terminals labeled with
PHA-L from visual cortex (E), and terminals labeled with PHA-L from
the parabrachial region (F). The terminals in 4-D are unlabeled. The
bottom histogram also indicates whether each terminal forms a synapse
onto a dendritic shaft (dend), an F2 terminal (F2), or a dendritic ap-
pendage (app).

brachial terminals as a population can be distinguished from
RSD and F1 terminals. It is also possible that all of the para-
brachial terminals might be included within the 2% of the ter-
minal population that falls outside of the 4 main groups (Guil-
lery, 1969a, b).

It is interesting in this context that prior descriptions of RSD
and F1 terminals within synaptic glomeruli are consistent with
our descriptions of the parabrachial terminals. Relatively few
RSD terminals are found in these glomeruli, and some of these
terminals are known to be cortical in origin (Szentagothai, 1966;
Guillery, 1969a, b; Jones and Powell, 1969). This does not rule
out the possibility that some of the labeled parabrachial ter-
minals exhibit RSD morphology, especially those contacting
dendritic appendages (Weber and Kalil, 1987). Both RSD and
parabrachial terminals are peripherally located within glomer-
uli, and, when present, the former most commonly contact den-
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Figure 13. Scatter plots showing the relationship between the extent
of postsynaptic density and the width of the synaptic cleft for various
synaptic terminals, including RSD terminals (4), RLP terminals (B),
F2 terminals (C), F1 terminals (D), terminals labeled from visual cortex
(E), and terminals labeled from the parabrachial region (F).

dritic appendages (Guillery, 1969b). Based on these earlier re-
ports of the paucity of RSD terminals in glomeruli, it may be
that, if the parabrachial terminals there have RSD morphology,
they are relatively rare. Likewise, F1 terminals are commonly
seen peripherally within glomeruli and can contact F2 terminals
(Guillery, 1969a, b), which is precisely the pattern we have
described for parabrachial terminals with symmetrical contacts.
Although many F1 terminals may derive from other sources,
e.g., from axons of interneurons or perigeniculate cells (see Cuc-
chiaro et al., 1985; Montero, 1987), this does not preclude the
possibility that some derive from parabrachial axons.

Identification of postsynaptic geniculate cells

Criteria developed mostly in our laboratory (Friedlander et al.,
1981; Stanford et al., 1983; Wilson et al., 1984; Hamos et al.,
1985, 1987; Humphrey and Weller, 1988) can be used with
reasonable confidence to identify the cell type of origin for some
of the unlabeled processes in the geniculate neuropil. These
criteria are based on features of dendritic morphology and syn-
aptic circuitry as determined with the light and electron micro-
scopes. We can use these criteria to identify tentatively some of
the neurons postsynaptic to the labeled parabrachial terminals.

The geniculocortical relay cells in the A-laminae can be di-
vided into X and Y classes (for reviews, see Stone, 1983; Sher-
man, 1985). Relay Y cells tend to have fairly smooth dendrites

and receive more than 90% of their retinal input onto dendritic
shafts without triadic arangements; F2 terminals only rarely
innervate Y cells, and glomeruli are generally not a feature of
the Y pathway. In contrast, relay X cells tend to have clusters
of dendritic appendages that are the primary site of retinal in-
nervation. More than 90% of this retinal innervation typically
involves triadic relationships with F2 terminals and often is
embedded in complex synaptic glomeruli (Wilson et al., 1984;
Hamos et al., 1985, 1987). As noted above, the F2 profiles are
the specialized dendritic appendages of geniculate interneurons
(Famiglietti and Peters, 1972; Hamos et al., 1985; Montero,
1986). The retinorecipient zone is thus characteristically differ-
ent for X and Y cells, and this allows them to be distinguished
ultrastructurally.

Labeled parabrachial terminals often contact F2 terminals,
indicating that interneurons receive direct parabrachial input.
We have also observed labeled terminals contacting structures
in retinorecipient zones that fulfill all of the above-mentioned
criteria for relay X cells. We have thus tentatively identified
such structures as belonging to relay X cells. This implies that
at least some geniculate relay cells receive direct parabrachial
innervation, and not all brain-stem influences on these cells are
indirctly routed through interneurons and perigeniculate cells
(cf. Ahlsen and Lo, 1982; Ahlsen et al., 1984). Interestingly, we
have provisional evidence that the parabrachial innervation may
select between the X and Y pathways. All of the dendritic seg-
ments that are postsynaptic to labeled parabrachial terminals
and that have been adequately reconstructed to include their
retinorecipient zones appear to be relay X cells. The parabra-
chial axons form synaptic contacts onto the appendages as well
as onto the dendritic shafts of these segments. However, the
parabrachial axons also contact numerous dendritic segments
that have not yet been reconstructed to their retinorecipient
zones. It is not possible to identify these cells without further
reconstruction. These may represent other relay X cells, relay
Y cells, or interneurons.

Brain-stem influences on the Y pathway have been described
with electrophysiological methods (Singer, 1973; Fukuda and
Stone, 1976; Foote et al., 1977; Ahlsen et al., 1984), although
we still lack anatomical evidence for this. We have not yet used
the electron microscope to examine parabrachial innervation to
magnocellular lamina C or the medial interlaminar nucleus,
geniculate regions in which many Y cells and few X cells are
found (see Stone, 1983; Sherman, 1985). In any case, our sample
is small, and, as noted in the previous paper (Uhlrich et al.,
1988), parabrachial axons are morphologically diverse with re-
spect to terminal arbors and the sizes of terminal boutons. The
labeled boutons reconstructed in the present paper are mostly
at the small end of the size spectrum, consistent with a PHA-L
injection limited to the caudal portion of the parabrachial region
(see Uhlrich et al., 1988). This raises the possibility that our
sample includes only a subset of parabrachial axons.

Relationship between parabrachial and retinal synapses

It is interesting that so many of the parabrachial synapses are
located close to retinal synapses, at least for the postsynaptic
neurons that we have identified as likely to be relay X cells. The
parabrachial axons can influence these geniculate relay cells di-
rectly via contacts onto their dendritic appendages and shafts
and indirectly via synapses onto the F2 terminals of interneu-
rons. A parabrachial terminal frequently shares synaptic space
with a retinal terminal on the same F2 terminal and dendritic



appendage. Thus, the parabrachial innervation is often well sited
to modulate retinal transmission through these geniculocortical
relay cells. This is precisely the functional role attributed to this
innervation (for review, see Sherman and Koch, 1986).

Degrees of symmetry of synaptic contacts from parabrachial
terminals

As can be seen from Figure 12F, parabrachial terminals form
synapses that have a wide range of postsynaptic densities. This
range encompasscs that of synapses from RSD and RLP ter-
minals, on the onc hand, and of those from F2 and F1 synapses,
on the other. Synapses from RSD and RLP terminals are asym-
metrical, while those from F1 and F2 terminals are symmetrical.
It is thus tcmpting to conclude that parabrachial synapses can
be either symmetrical or asymmetrical, and we shall refer to
them as such. There is a proviso to this terminology. In the
cerebral cortex, several parameters are reported to correlate with
the symmetry of synaptic contacts: A terminal forming a sym-
mectrical synapse tends to have flattened or pleomorphic vesicles
and a narrow synaptic cleft; one forming an asymmetrical syn-
apse tends to have spherical vesicles and a wide synaptic cleft
(Gray, 1959; Colonnicr, 1968; for discussion, see Peters et al.,
1976). Recently, Weber and Kalil (1987) reported that auto-
radiographically labeled brain-stem terminals in the geniculate
neuropil of the cat have round vesicles. However, as noted
above, we cannot analyze vesicle shape in the labeled terminals,
and the geniculate neuropil generally lacks the relationship found
in cortex between synaptic symmetry and the width of the syn-
aptic cleft (see Fig. 13, A-D; see also Gray and Guillery, 1966;
Rapisardi and Lipsenthal, 1984). For these reasons, we have
relied on the extent of the postsynaptic density for our classi-
fication of parabrachial synapses.

We observed single, labeled axons that produce both asym-
metrical and symmetrical synaptic contacts. This runs counter
to the conventional wisdom that asymmetrical synapses denote
cxcitatory action while symmetrical synapses are inhibitory and
that each axon should form only one type of synapse. We found
that the symmetry of the synapsc depends on the specific post-
synaptic element innervated. Synaptic contacts from parabra-
chial axons onto dendritic appendages are the most asymmet-
rical, while those onto both F2 terminals and dendritic shafts
arc the most symmetrical.

The symmetry of these synaptic contacts thus seems not to
depend solcly on the axon. It is intereting that the putative
neurotransmitters for these axons, ACh and noradrenaline, can
have different postsynaptic actions depending on the postsyn-
aptic receptor (see review in Sherman and Koch, 1986). Perhaps
the variation in postsynaptic density seen for parabrachial syn-
apscs may, in some as yet unspecified manner, reflect different
receptor proteins in the postsynaptic membranes. For instance,
if these parabrachial axons use ACh as a neurotransmitter, then
different postsynaptic densities might reflect the presence of
different receptors. Two different types of muscarinic receptor
and one nicotinic type, all of which respond to ACh but in quite
different ways, have been identified in the A-laminae of the cat’s
lateral geniculate nucleus (McCormick and Prince, 1987). A
related suggestion stems from studies in the rat showing that
more than 20% of the parabrachial neurons that give rise to an
ascending projection contain both ACh and substance P (Vin-
cent et al., 1983, 1986). Perhaps a single axon contains different
mixes of neurotransmitters, and different postsynaptic receptors
determine which neurotransmitter will act. In any case, the mor-
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phology we have described suggests that the synaptic action of
a single axon may vary with the postsynaptic partner, an it may
even differ at different sites on the same neuron.
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