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Abstract

Stimulation of the Torpedine ray electric organ can cause the loss of synaptic vesicles and the
growth of pseudopodia from the nerve terminals (Boyne, A. F., and S. McLeod (1979) Neuroscience
4: 615-624). The latter embed themselves in corresponding indentations in abutted terminals. The
geometry of these pseudopodial indentations (PSIs) can vary: (i) in length, (i7) in the extent of
constriction of the base, and (iit) through a compound interaction between different pseudopodia
extending in opposite directions.

Examination of six rat brain nuclei in the limbic system has shown that their neuropil can be
categorized according to the prevalence of either (i) nerve terminals indented by nerve terminal
outgrowths (i.e., PSIs) or (i) nerve terminals indented by dendritic outgrowths: these have been
previously termed spinules. Clusters of simple PSIs were seen in the central nucleus of the amygdala,
while base-constricted and compound forms were found in the globus pallidus and substantia nigra.
Dendritic spinules were prevalent in the nucleus accumbens and the molecular layer of the
hippocampus. In the CA, hilar region of the hippocampus, large nerve terminals containing PSIs
were found. The caudate neuropil appeared to be of mixed character in that the small terminals
often had spinules but occasionally showed PSIs.

Spinules have been recognized for many years and the possibility of their plasticity has been raised
previously (Tarrant, S. B., and A. Routtenberg (1977) Tissue Cell 9: 461-473). The present report
appears to be the first detailed description of an alternative form of invasion which is known to be
plastic in the elasmobranch electric organ. It is suggested that the extracellular space between the
partners of a PSI could act as variable diffusion traps. If the involved boutons carry action potentials,
then nonsynaptic release and accumulation of substances such as potassium, amino acids, and
nucleotides may be expected during stimulation. Consequent direct or receptor-mediated effects on

the membrane potential could influence transmission through adjacent synapses.

In several peripheral nervous system preparations, it
has been shown that neurosecretion can be activated at
rates which result in net exocytotic loss of synaptic
vesicles (Ceccarelli et al., 1973; Heuser and Reese, 1973;
Pysh and Wiley, 1974; Zimmermann and Whittaker, 1974;
Boyne et al., 1975). Under these conditions, nerve ter-
minals must change their shape in order to accommodate
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an increased surface area to volume ratio. Geometric
changes also have been reported in central preparations,
e.g., stimulated afferents to the hatchetfish Mauthner
cell (Model et al., 1975), bullfrog retina during darkness
(Schaeffer and Raviola, 1978), and in stimulated nerve
terminals of lamprey spinal cord (Kershaw and Christen-
sen, 1980).

In the electric organ of the Torpedine ray, Narcine
brastliensis, the response involved the formation of nerve
terminal pseudopodia (Boyne et al., 1975). A cooperative
interaction occurs in which an adjacent, directly abutted
terminal forms a matching indentation so that both
undergo a similar increase in surface area. Three-dimen-
sional reconstructions show that the pseudopodial inden-
tations (PSls) reach lengths of 3 um and that two basic
configurations occur (Boyne and McLeod, 1979). The
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simplest form is illustrated diagrammatically in Figure
1A. In addition, a “compound” arrangement occurs when
a terminal with an outgoing pseudopodium is indented
by another coming from the adjacent nerve terminal
(Fig. 1B); the length of the apposed membranes is
thereby increased. Finally, the reconstructions showed
that PSIs could be constricted and apparently detached
at the base.

In order to approach the question of whether similar
apparently exocytotically driven geometric changes could
influence information processing in the CNS, we have
first asked whether abutted nerve terminals in the rat
brain show any tendency to form PSIs. Although they
do not appear to have been described in standard refer-
ence works on the ultrastructure of the brain, we have
found that they are widespread. This paper describes
their various forms and distributions among rat limbic
system nuclei. Our preliminary report on their presence

B

Figure 1. Diagrams of the inter-relationship developing be-
tween abutted nerve terminals in stimulated Narcine brasilien-
sts electric organ. A, Simple form; B, compound form.
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in the amygdala (Boyne and Tarrant, 1979) coincided
with a report that they occur in the monkey globus
pallidus (DiFiglia et al., 1979). Furthermore, an earlier
paper on the monkey globus pallidus by Fox et al. (1974)
had described “dovetailed” nerve terminals around the
smooth dendrites. The accompanying micrographs
showed clear PSIs in both longitudinal and cross-sec-
tions. This information led us to examine the rat globus
pallidus. In addition, we have surveyed the rat hippocam-
pus (CA,; and CA, regions), nucleus accumbens, caudate,
and substantia nigra.

How might the presence of these structures influence
synaptic transmission? One possibility is that the blind-
ended extracellular cavity would be a diffusion trap. A
variety of substances are known to be released non-
synaptically from stimulated unmyelinated nerves, e.g.
potassium (see reviews by Somjen, 1979; Orkand, 1980;
Nicholson, 1980) and glutamate (Weinreich and Ham-
merschlag, 1975). There is also a possibility of nucleotide
release from depolarized membranes (Abood et al., 1962),
Such compounds may be expected to be released from
the closely apposed neural membranes of a PSI during
an action potential. The concentrations attained could
be substantial because (i) the extracellular volume is
very small, (i) both membranes could release solutes,
and (izi) diffusional escape can occur only at one end.

Materials and Methods

Male, Sprague-Dawley rats were obtained from
Charles River Laboratories. They were anesthetized with
sodium pentobarbital or urethane and were perfused
sequentially through the heart with 250 ml of dilute
Karnovsky (1965) fixative at 40 ml min~' and 37°C fol-
lowed by 250 ml of concentrated fixative at room tem-
perature and at a gradually reduced rate of flow. The
initial studies were done with 5 mm CaCl. in a cacodylate
buffer as suggested by Karnovsky (1965); we later
switched to 5 mm CoCl; with the intention of suppressing
synaptic transmission during perfusion (after Birks, 1974;
Chang et al., 1979). After a total perfusion time of about
20 min, the rats were decapitated and the skull was split
open. Only well perfused brains were processed further.
They were mounted on a Vibratome (Pella, Inc., Tustin,
CA 92680) and 2- to 300-um sections were taken until the
regions of interest could be clearly identified using the
atlas of Konig and Klippel (1970). The intended nuclei
were cut out and postfixed. The initial studies included
en bloc staining with uranyl maleate in an attempt to
increase membrane contrast, but this proved unnecessary
when Karnovsky’s (1971) postfixation in 1% osmium te-
troxide and 1.5% potassium ferrocyanide was used.

Results

Ultrastructural studies

Brain areas were examined in the following chronolog-
ical sequence.

Central nucleus of the amygdala. Several of the ultra-
structural features of the amygdaloid nuclei of the cat
described by Hall (1968) were also apparent in the rat
central nucleus. Of particular importance for the present
study, portions of the smooth, spine-free dendrites were
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completely lined with abutted synaptic boutons. With
diligent searching, what appeared to be pseudopodial
profiles cut in longitudinal and in cross-section could be
identified within nerve terminals making axodendritic
synapses onto large (~4-um-diameter) dendrites. A defin-
itive demonstration that these structures are analogous
to those seen in stimulated electric organ required that
their terminations and origins be located. Although the
frequency of occurrence is low, we formed the impression
from single sections that the presence of one example
increased the likelihood of seeing more in the same
region. After scanning a large block face, we therefore
located a region with several pseudopodia and reduced
the size of the block face for serial sectioning. Sections of
a 5-um length of the relevant dendrite were prepared and
photographed. Since it had an elliptical profile, it was
possible to draw the widest diagonal across it in succes-
sive prints and to reconstruct the third dimension graph-
ically as described previously (Boyne and McLeod, 1979).
The appearances of the two sides of the dendrite are
shown in Figure 2.

It can be seen from the drawing that the apparent
pseudopodial invasion visible at the top of Figure 2 is, in
fact, a fold when the third dimension is revealed. Similar
forms were observed in stimulated electric organ. In the
present case, it appears to have been an accurate predic-
tor of more characteristic pseudopodia further along the
dendrite. Figure 3 shows a particularly fortunate config-
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uration of a longitudinally cut PSI base alongside a
second cross-sectioned PSI within the same terminal.
The arrow in Figure 2A shows the level at which this
occurred in the dendritic reconstruction.

A curious feature of the reconstruction was that six
pseudopodia plus two folds were present in 11 boutons
on one side, while no such structures were apparent in 11
boutons on the other side. The latter was the surface
closest to the cell soma up to which the dendrite was
traced. Terminals bearing PSIs were found to make
symmetrical synapses with the dendrite and to possess a
mixed complement of round and flattened, clear synaptic
vesicles together with a scattering of dense core vesicles.
These characteristics were not adequate to distinguish a
priori such terminals from the many others which did
not appear to form PSls.

No synaptic or other membrane specializations were
observed in any of the serial sections on either the
invading or the invaginating membrane. The packing
density of synaptic vesicles within PSIs was generally
lower than that alongside synaptic densities.

The lengths of the apparent diffusion paths along the
six pseudopodial forms reconstructed were 0.6, 0.6, 0.8,
0.8, 1.0, and 1.8 um (Fig. 2).

Hippocampus. The CA, region was examined from
stratum oriens down to the granule cell layer. The bulk
of the neuropil is occupied by small nerve terminals
articulating with dendritic spines. In the molecular layer,

B

Figure 2. Drawing of a graphical three-dimensional reconstruction of a 5-um length of the dendrite. A, The side of the dendrite
facing away from the parent cell body bore PSIs and broad nerve terminal processes caught in a fold of a neighboring terminal.
These are depicted in black. B, The other side of the same dendrite showed no PSIs or folds.



Figure 3. A section from the reconstruction in Figure 2 which
clearly shows the origin of the PSI from the right terminal as
well as a cross-sectioned PSI within the right terminal. This
pair of terminals occurred at the level indicated by the arrow
in Figure 2A. Scale bar, 1 ym.

the dendritic spines frequently elaborate a pseudopo-
dium-like structure which has been called a spinule (Wes-
trum and Blackstad, 1962). Spinules which occur within
the boundary of the postsynaptic density at the active
zone of the synapse have been termed synaptic spinules
(Tarrant and Routtenberg, 1977). Both of these forms
demonstrate a complex course of dendritic spine and
axonal membrane apposition. Pseudopodia originating
from nerve terminals appeared to be absent from the
bulk of this neuropil. However, at the base of the apical
dendrites of the pyramidal neurons is a relatively spine-
free region where abutted terminals form dendritic shaft
synapses. Occasionally small PSIs were encountered in
this region. In the CA,, hilar region, large nerve terminals
which could be seen to make asymmetrical synapses with
dendritic spines were found to contain PSIs. A cross-
sectioned example is shown in Figure 4.

Nucleus accumbens. This region was examined just
inferior to the most rostral extension of the lateral ven-
tricles. The neuropil was characterized by the presence
of spiny dendrites articulating with small and large nerve
terminals. The nerve terminals were packed densely with
vesicles and the dendritic spines showed spine apparati
and frequent, but short, spinules. No nerve terminal
pseudopodia were encountered in this nucleus.

Globus pallidus. In the amygdala and hippocampus,
after a persistent search, one can locate cases in which
nerve terminals are interdigitated. In contrast, such re-
lationships are readily encountered in the globus pallidus.
The dendrites are typically smooth and are covered with
a mosaic of directly abutted nerve terminals making
symmetrical axodendritic synapses. Many of these are in
various stages of interdigitation (the micrographs of Fox
et al., 1974, provide excellent illustrations). PSIs also
were seen in nerve terminals which were not in contact
with dendrites in the section examined. Apart from sim-
ple longitudinal and cross-sections, PSIs also were ob-
served surrounded by four-unit membranes. In the stim-
ulated ray electric organ, it has been shown that this can
arise when a pseudopodium extending in one direction
curls against a pseudopodium coming from the opposite
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Figure 4. Hilar region of the dentate gyrus of the hippocam-
pus. A cross-sectioned PSI (arrow) is present in the large nerve
terminal synapsing with the dendritic spine. Note the similar

size but different contents of the cross-sectioned mitochondria
in the same terminal. Scale bar, 1 um.

direction (see Fig. 1). Apparent longitudinal sections are
shown in Figures 5 and 6 in which initial and late stages
of a compound, curling relationship are seen.

It may be noted that this interaction involves constric-
tion of the PSI base. Such constrictions were also evident
in single PSIs in both the globus pallidus and substantia
nigra.

Substantia nigra. Many authors have noted the simi-
larity between the neuropil of the globus pallidus and the
pars reticulata of the substantia nigra. This similarity
extends to the PSI population which displays a similar
spectrum of configurations in both locations.

Cauduate. The caudate neuropil presents an abundance
of spiny dendrites; the associated nerve terminals bear
frequent shallow spinules. Where cross-sections of den-
drites bearing nerve terminals are observed, there is less
likelihood of terminal abutment than is the case in the
globus pallidus and substantia nigra. Nevertheless, oc-
casional PSIs were encountered in small nerve terminals
synapsing with dendritic spines. The simultaneous pres-
ence of PSIs and spinules within the caudate permitted
the determination of whether they could occur in the
same nerve terminal. One such case was found.

Discussion

Distribution of nerve terminal pseudopodia

We have demonstrated the widespread presence in the
mammalian CNS of a nerve terminal inter-relationship
which is known to result from repetitive stimulation of
the electric organ in Narcine brasiliensis (Boyne et al.,
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Figures 5 and 6. Globus pallidus. Simple (Fig. 5) and complex (Fig. 6) wrapping of compound PSIs are
illustrated. Scale bars, 1 pm.

1975; Boyne and McLeod, 1979). The observations were
made in rats which had not been subjected to deliberate
experimental stimulation.

There appeared to be a possibility that PSIs may have
arisen in susceptible terminals during seizures triggered
by the aldehyde perfusion. However, the use of deep
urethane anesthesia and 5 mM cobalt chloride has per-
mitted us to eliminate the limb movements which may
indicate seizures in barbiturate-anesthetized rats, and
this has not eliminated the presence of PSIs.

The possibility that these are chemical fixation arti-
facts also must be considered. PSIs were identified orig-
inally in matched pairs of stimulated and control electric
organ slices which were fixed by immersion; they were
encountered 20 times more frequently in stimulated tis-
sues (Boyne et al., 1975). That evidence suggested that
they are a consequence of stimulation rather than alde-
hyde fixation. Furthermore, they are found most readily
in the best preserved brains that we have prepared;
possible confusions between cross-sectioned PSIs and
mitochondria are minimal in a well fixed brain.

The results suggest that these structures occur in vivo.
Our survey of six brain nuclei further suggests that PSIs
are most likely in regions with smooth dendrites when
they bear abutted boutons forming symmetrical syn-
apses. This is the situation in the amygdala (central
nucleus), globus pallidus, and substantia nigra. In con-
trast, boutons in nuclei with spiny dendrites are more
likely to form asymmetrical synapses and to be invaded
by dendritic spinules. Invasion of a nerve terminal by
nerve terminals is then infrequent. Nucleus accumbens
and the bulk of the hippocampal neuropil fall into this
category. Large nerve terminals in the hilus and small
terminals in the caudate appear to be exceptional in that
they form asymmetrical synapses with dendritic spines
and they also can bear PSls.

There is a similarity between PSI and flask-shaped
interdigitations between smooth muscle cells (Dewey and
Barr, 1964). In the latter case, the apposed membranes
are frequently sites of gap junction formation (Revel et
al., 1967; Uehara and Burnstock, 1970). No such special-
izations have been observed in nerve terminal PSIs.

Physiological significance of pseudopodial indentations

As membrane stores. It seems likely that PSIs repre-
sent a mechanism for accommodating excess plasma
membrane without compromising the adjacent synaptic
relationships. The advantage of this can be recognized
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by considering a simple system in which it does not occur.
Pysh and Wiley (1974) stimulated preganglionic nerve
terminals synapsing with small dendrites in the cat su-
perior cervical ganglion. The terminal membrane growth
led to a “grasping” movement around the dendritic cross-
section, lifting glial elements away in the process. If this
were to occur in the globus pallidus or substantia nigra,
abutted nerve terminals might engage in a wrestling
match for a synaptic position on a dendrite. In some
circumstances, this might be a useful form of plasticity,
but when PSIs can form, synaptic derangement should
be minimized.

As diffusion traps. Interdigitations which may have
been necessitated as a form of membrane storage appear
to be inevitable diffusion traps. When the space around
an excitable membrane is restricted by adjacent mem-
branes, there is a possibility for solutes released during
an action potential to reach significant concentrations in
the narrow extracellular space. Furthermore, as shown
by Frankenhaeuser and Hodgkin (1956) with the squid
giant axon, there is then an opportunity for progressive
accumulations (e.g., of potassium) with repetitive firing
if the quantity released per impulse is not dissipated
during the interstimulus interval. Assuming that nerve
terminals carry action potentials (Katz and Miledi, 1965),
PSIs may be expected to accumulate potassium because
(i) both participating membranes are excitable and 1.0
pmol cm™? of potassium is released per action potential
(Keynes and Ritchie, 1965) and (ii) diffusional potassium
dissipation would be restricted to the one end which is
open to the general extracellular space. Calculations of
the theoretical active and passive potassium release
(Keynes and Ritchie, 1965; Ritchie and Straub, 1975,
respectively), potassium re-uptake (Cohen and DeWeer,
1975), and linear diffusion assuming the free solution
diffusion coefficient (Crank, 1975) suggest that the tip of
a 2-pm-long PSI would have a potassium concentration
of 5 to 6 mM when firing at 250 Hz. The neuronal
membrane has been noted to be relatively insensitive to
external potassium in this concentration range (Somjen,
1979). Therefore, it seems unlikely that PSIs of the size
seen in the amygdala could be fired rapidly enough to
accumulate physiologically significant potassium concen-
trations. However, recent measurements have shown
that the potassium concentration in the space around an
ion-sensitive microelectrode in the CNS can be readily
brought to 12 mm (e.g., with 10 Hz stimulation of the
fiber tracts projecting into the measured region; Krnjevic
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et al., 1980; Nicoll, 1979; Nicholson, 1980). Since local
PSI accumulations will add to whatever accumulation
has gone on in the space around them, then the highest
concentrations may be expected in the tips of these
structures. The tip concentrations then would be depen-
dent on PSI size and shape and would be in the range
which influences neuronal membrane potentials. We are
therefore led to suggest that, if the activity-linked potas-
sium accumulations which have been measured in brain
tissue (Orkand et al., 1966; Krnjevic and Morris, 1974;
Richter et al., 1978; Nicoll, 1979; Krnjevic et al., 1980)
can modulate information transfer, then the unmeasured
additional accumulations within PSIs may, like the tip of
a pencil, exert a profound influence on the function of a
system of which they are a small part.

Diffusion coefficients for amino acids are about 45% of
that for potassium (in free solution). Diffusion of nucleo-
tides may be expected to be still slower. Nonsynaptic
release of these solutes may be much less than that for
potassium, but receptors may be sensitive in the nano-
mole to micromole range. (The threshold sensitivity to
GABA in desheathed ganglia is 1 pm; Adams and Brown,
1975.) Consequently, PSIs could be accumulation sites of
automodulating substances, the effects of which may
combine with those of release potassium. Shefner and
Levy (1980) recently have described interactions between
amino acid- and potassium-induced depolarization in pri-
mary afferents of the bullfrog spinal cord. That paper
and the review by Levy (1980) provide detailed discus-
sions of the potential interactions.
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