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ABSTRACT

Explants of fetal mouse cerebral cortex, continuously exposed to the local anesthetic Xylo-
caine from the time of explantation to the time of fixation, were examined in the electron
microscope to determine whether morphologically normal synapses and potentially func-
tional interneuronal synaptic networks can form in the absence of electrical impulse activity .
Morphological differentiation of complex synaptic networks proceeds normally, and the
drug does not alter the fine structure of the formed synapses . These observations are con-
sonant with the electrophysiological data which show that the potential for complex bio-
electric activity can develop in the absence of its expression . The development and matura-
tion of functional synaptic networks, then, is not contingent upon prior electrical impulse
activity. These data support the concept that organized neuronal assemblies are formed in
forward reference to their ultimate function .

INTRODUCTION

Explants of embryonic or neonatal rodent central
nervous system (CNS) differentiate organo-
typically when maintained in tissue culture for
extended periods of time (7) . During the first week
after explantation, cultures of rat spinal cord (10,
11) and mouse cerebral cortex (6, 8) develop
complex bioelectric activities characteristic of
functioning synaptic networks in vivo. At the same
time many synaptic contacts are formed (2, 26) .

Crain et al . (9) have explanted and grown im-
mature CNS tissues in the presence of the local
anesthetic Xylocaine or excess magnesium ions,
both of which prevent spontaneous, as well as
evoked, complex bioelectric activity . Subsequent
removal of the blocking agent after 5-30 days in
vitro allows immediate evocation of complex
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responses similar to those seen in control explants
of comparable age .

This study was undertaken to determine whether
morphologically normal synapses and potentially
functional interneuronal synaptic networks can
form in the absence of detectable extracellularly
recorded electrical activity .

MATERIALS AND METHODS

Fragments of 17 or 18 day fetal mouse cerebral neo-
cortex were explanted onto collagen-coated coverslips
and maintained in Maximow depression slide assem-
blies at 35 °C. Techniques for the preparation and
maintenance of fetal and neonatal CNS tissue cultures
have been described previously in detail (1, 8) . The
nutrient medium was replaced twice a week and con-
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FIGURE 1 Immature fetal mouse cerebrum, 0 d .i .v. The neuropil is characterized by profiles of large cellu-
lar processes. Immature axodendritic synapses (ax) are few in number but desmosome-like junctions (In-
set, arrow) are numerous . Scale, 1 µ. X QQ,000 .
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sisted of human placental serum (25-40%) and
Eagle's synthetic medium (25%) in Simms balanced
salt solution (BSS), supplemented with 600 mg%
glucose. In test cultures, at the time of explanation,
Xylocaine (lidocaine) • HCI was included in the
medium at a concentration of 100 ,tcg/ml . This con-
centration of blocking agent was maintained through
all subsequent feedings .

The electrophysiological methods applied to these
explants have been reported (5, 8-10) . In brief, the
cultures were transferred to a moist chamber main-
tained at 35 °C, and microelectrodes were positioned
with micromanipulators for focal recording and stim-
ulation within an explant, under direct visual control,
at high magnification (see also legend for Fig . 6) .

Tissue was prepared for electron microscopy at ex-
plantation and at 3, 10, 11, or 15 days in vitro (d.i .v .) .
Explant fragments and cultures were fixed by immer-
sion in 2 .5% glutaraldehyde in Millonig's buffer (pH
7.4, 430 milliosmols) at room temperature . After 10
min, the temperature was reduced to 4°C and the
tissue was left in the fixative for 1-2 hr . After several
rinses in cold Millonig's buffer (pH 7.4, total time 45
min), the cultures were postfixed in cold 1 % Os04 in
Millonig's buffer (pH 7 .4) for 1 hr, dehydrated in a
graded series of alcohols, and embedded in Epon 812 .
Explants were removed from the coverslips before
Epon infiltration . Thin sections were stained with
uranyl acetate and lead citrate and examined and
photographed in an RCA EMU 3G or a Philips EM
200 electron microscope .

12 explants were prepared for electron microscope
examination . The quality of preservation of this
material was uniformly satisfactory . To avoid bias,
micrographs were made whenever a synapse, or a
portion of a synapse, was observed . Over 1000 micro-
graphs of representative fields were studied .

RESULTS

Functionally immature and mature cultures of
fetal mouse cerebral cortex were examined in the
electron microscope . Immature cultures are those
in which only simple spikelike responses can be
evoked with electrical stimulation (8) . At this
stage there are none of the long-lasting bioelectric
phenomena or other responses indicative of the
complex synaptic interactions found in mature
cultures (reference 8, and see below) .
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Cultures were divided into two main groups, a
control group (untreated), and a second groug
continuously exposed to Xylocaine from the time
of explantation to fixation (Xylocaine-treated) .
Electron microscope observations were made on
cultures after 0, 3, 10, 11, or 15 d .i .v. To assure
that functional development had proceeded
normally (8), 15-day cultures were examined
electrophysiologically before fixation for electron
microscope study . Some of the Xylocaine-treated
cultures were washed free of the drug immediately
before electrophysiological testing and subsequent
fixation (Xylocaine-treated washed) .

Fine Structure

IMMATURE CULTURES : The neuropil of 17
and 18 day fetal mouse cerebrum (0 d .i .v .) and of
explants at 3 d .i.v. is comprised of large cellular
processes (Fig . 1) . Microtubules are the predom-
inant structure in some of the processes, whereas a
finely fibrillar material predominates in others .
Intercellular space, for the most part, is similar to
that found in micrographs of routinely prepared
mature neuropil and is represented by a gap
which averages 200 A across .

Desmosome-like junctions between adjacent cell
somas, between soma and cellular process, or
between processes (Fig. 1, inset at arrow) are
numerous . The contact region consists of parallel
membranes separated by an amorphous gap sub-
stance. A symmetrically distributed cytoplasmic
dense material is associated with the membranes .
These membrane complexes are relatively un-
common in mature cultures.

Occasionally, small groups of vesicles are found
near one of the membranes of an asymmetric
junctional complex (Fig. 1 at ax) . The vesicles are
structurally identical to the presynaptic vesicles of
mature CNS tissue in vivo. Because the area of
junction is small and mitochondria are not seen
in the vesicle-containing process, these complexes
are considered to be immature synaptic contacts
(2) . Such synapses are the only ones observed ;
they are infrequent and exclusively axodendritic .

FIGURE 2 Mature fetal mouse cerebrum, 15 d .i .v ., untreated . This explant was examined electrophysio-
logically before fixation for electron microscopy (see Fig . 6 A) . Fig. 2 a, the neuropil is comprised of many
small processes as well as large dendritic trunks (d) . Many axodendritic synapses (arrows) of conventional
morphology are present . Although synaptic vesicles are usually located near the presynaptic membrane,
an occasional vesicle cluster may be found distal to it (ax) . Fig . 2 b, axosomatic synapses (arrow) are also
present . Scale, I ,u . X 22,000.
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FIGURE 3 Mature fetal mouse cerebrum, 15 d .i.v ., untreated. This electron micrograph is from the ex-
plant depicted in Fig. 2 and shows an axodendritic-spine synapse (arrow) . Dendritic spine, s . Scale, 1 µ.
X 22,000.

MATURE CULTURES, UNTREATED : On the
10th, 11th or 15th d.i.v., the neuropil of fetal
mouse cerebrum is characterized by profiles of
many small processes (Fig . 2 a), as well as large
dendritic trunks (Fig . 2 a at d) . Typically, nu-
merous axodendritic synapses of conventional
morphology (13, 15, 16, 24, 25) are present (Fig.
2 a at arrows) . Axosomatic synapses (Fig. 2 b at
arrow) are also present, but they are fewer in
number. Some axons terminate on dendritic
spines (Fig . 3 at arrow) .

The synaptic vesicles are clear, round, 300-500
A in diameter, and usually clustered near the
presynaptic membrane (Fig . 2 a) . In an occasional
axodendritic synapse, however, a vesicle cluster
may be found in the presynaptic process in a
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position distal to the presynaptic membrane
(Fig. 2 a at ax) .

Most, but not all, of the axodendritic synapses
conform to the morphological criteria of Gray's
Type 1 synapses (14) . The pre- and postsynaptic
membranes show increased density and are
separated by a widened gap (250-300 A) which
contains a somewhat dense extracellular substance .
A concentration of cytoplasmic dense material is
closely associated with the apposing membranes
of the contact region . That beneath the post-
synaptic membrane is particularly well developed
(Fig. 2 a). Other synapses, however, have a
narrower gap and either lack, or show less pro-
nounced, postsynaptic cytoplasmic specializations .
Most axosomatic synapses (Fig . 2 b) and some

FIGURE 4 Mature fetal mouse cerebrum, 15 d .i .v ., Xylocaine-treated . This explant was examined elec-
trophysiologically before fixation for electron microscopy (see Fig . 6 B) . Fig. 4 a, the synaptic complexes
(arrows) of Xylocaine-treated cultures are morphologically undistinguishable from those of untreated
controls . Fig . 4 b, in addition to the usual clear vesicles, profiles of presynaptic processes (ax) may contain
one or two dense-core vesicles. Axodendritic synapse, arrow . Fig. 4 c, an occasional cluster of vesicles may
be found at some distance from the presynaptic membrane (ax) . Axodendritic synapses, arrows . Scale,
1 µ. X 22,000.
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FIGURE 5 Mature fetal mouse cerebrum, 15 d .i .v., Xylocaine-treated washed . This explant was examined
electrophysiologically before fixation for electron microscopy (see Fig. 6, C and D) . Many axodendritic
synapses (arrows) of conventional morphology are present . These cultures, like the Xylocaine-treated
cultures, cannot be distinguished from the untreated controls . Scale, 1,u . X 22,000 .

axodendritic synapses (see later, Fig . 4 c at upper
arrow) are of this type which corresponds to
Gray's Type 2 (14) . Intermediate forms are also
observed (see later, Fig . 5) .
MATURE CULTURES, XYLOCAINE-TREATED :

The synaptic junctions of Xylocaine-treate3
cultures are morphologically indistinguishable
from those of untreated controls (Fig . 4 a, b, c
at arrows). Furthermore, the frequency and
distribution of both axodendritic and axosomatic
synapses are the same as the controls .

In addition to the usual clear vesicles, profiles
of presynaptic processes in both treated and un-
treated cultures may contain one or two larger
(750-1250 A) dense-core vesicles (Fig . 4 b at
ax) . As in controls an occasional cluster of vesicles
may be located at some distance from the pre-
synaptic membrane (Fig. 4 c at ax) .
The Xylocaine-treated washed cultures, like

the Xylocaine-treated cultures, cannot be dis-
tinguished from the controls (Fig. 5) .
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The presence of Xylocaine, then, has no effect
on synaptogenesis or on the morphology of synap-
tic contacts in cultured fetal mouse cerebrum .

Electrophysoology

Electrophysiologic experiments were carried
out on the 15-day cerebral explants which were
subsequently studied by electron microscopy (cf .
Figs . 2, 3, 4, and 5) . In contrast to the complex,
long-lasting, after-discharge responses which could
be readily evoked after maturation in normal
culture media (Fig. 6 A), only simple, brief, short-
latency spike potentials could be elicited in a
typical long-term Xylocaine-treated culture, even
with high stimulus intensities (Fig . 6 B) . Applica-
tion of paired stimuli produced only long-lasting
refractoriness following the initial spike response,
instead of the facilitatory effects generally asso-
ciated with repetitive activation of CNS tissues
maturing in normal culture media (7) . However,
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FIGURE 6 Bioelectric responses evoked in explants of
fetal mouse cerebral cortex after maturation for 15 days
in normal and Xylocaine-treated culture media . Fig .
6, A : Characteristic complex afterdischarge triggered
by single electric stimulus applied about 0 .5 mm from
site of recording microelectrode in untreated explant .
Note repetitive spikes and slow-wave components
lasting for more than 100 msec . Fig. 6, B : Simple
spike potential evoked only by larger stimulus in
Xylocaine-treated explant. Note that entire response
is terminated within a few msec. Fig . 6, C and D :
Complex spike barrage and slow-wave responses trig-
gered in Xylocaine-treated washed explant by much
smaller stimulus, within a few minutes after transfer to
physiological salt solution (BSS) . Positive-negative
sequence in afterdischarge lasts well over 100 msec
(Fig. 6, D) . Amplitude calibration applies to all records ;
upward deflection indicates negativity at active re-
cording electrode ; all recordings were made with 5 µ
saline-filled pipettes and electric stimuli were applied
via 10,u-saline-filled pipettes; stimuli were 0 .1-0 .3
msec in duration and their onset and relative amplitude
are indicated by signals on line below each recording .

within a few minutes after transfer of a Xylocaine-
treated explant to normal physiological saline
(BSS), complex, long-lasting discharges could be
readily triggered with single stimuli (Fig . 6 C and
D). These discharge patterns are well within the
range characteristic of cerebral explants after
maturation in normal media. The organotypic
array of synaptically connected neurons seen after
fixation and electron microscope study of this
explant (Fig. 5) provides the morphological basis
for these complex bioelectric after-discharges .

DISCUSSION

We have shown that in cultures of fetal mouse
cerebrum the morphological differentiation of com-
plex synaptic networks proceeds normally in the
presence of Xylocaine . Furthermore, the drug does
not alter the fine structure of the synapses . These
observations are consonant with the earlier work
of Crain et al . (9), which showed that the potential
for complex bioelectric activity could develop in
the absence of its expression. It therefore seems

clear that the development and maturation of
functional synaptic networks is not contingent
upon prior electrical impulse activity .

Sperry (32-34), on the basis of extensive studies
of the regeneration of severed optic nerves, con-
cluded that the specification of interneuronal
connections could be ascribed to a selective chemo-
affinity between the growing presynaptic process
and the neuron with which it will synapse . Jacob-
son (20, 21) showed that, during the development
of the visual system in amphibians, complex
neuronal circuits are organized in advance of
their use by a predetermined stepwise specifica-
tion of progressively finer details in the pattern of
neuronal connections . The classic experiments of
Harrison (18), Carmichael (4), and Matthew
and Detwiler (22) showed that neither neuro-
muscular activity nor proprioceptive input are
essential to the development of coordinated
swimming behavior in amphibians. Thus there is
by now considerable evidence suggesting that
specific interneuronal contacts are determined by
genetic mechanisms during development, and that
organized neuronal assemblies are formed in
forward reference to their ultimate function (see
reviews in references 17, 20 and 33) .

The development of fetal mouse cerebral cortex
in tissue culture closely approximates the analogous
process in vivo (23, 35). During perinatal cortical
ontogenesis both in vitro and in vivo, there is a
decrease in the average size of the processes which
make up the neuropil. This is the result of the
proliferation of fine dendritic processes from large
dendrites and the growth of small axonal and glial
elements. At the same time, there is an increase in
the number and type of synaptic contacts . Axo-
dendritic synapses appear before axosomatic
synapses . The earlier development of axodendritic
synapses has been observed in other regions of the
CNS as well (2, 30) .
There is some disagreement concerning the

differentiation of extracellular space in immature
CNS. This may be due to the well-known difficulty
in obtaining good preservation of fetal and
immature, as opposed to mature, CNS material .
Some authors (3, 12, 28) have reported that in the
immediate perinatal period many irregular gaps
or lacunae, often more than 1000 A wide, exist
between cellular processes . They further report that
as the age of the animal increases there is a pro-
gressive reduction in the size of the extracellular
space until the 200 A gap characteristic of mature
neuropil is attained. Voeller et al . (35), on the
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other hand, observed that no prominent extra-
cellular spaces could be found in the immature
cortex of the cat, and that the distance between
cellular elements remains constant (about 200 A)
during maturation (27) . We also find the gap
distance to be constant in maturing fetal mouse
cerebrum (see Results) . Since the maturation of
cortical tissues is characterized by the elaboration
of numerous small cellular processes and the gap
distance between cellular processes does not change
significantly during maturation, there is neces-
sarily an increase in the total volume of extra-
cellular space commensurate with the increase in
number of elements (19) .

It has been reported that under conditions in
which there is a failure of synaptic transmission
produced by ischemia, electroanesthesia, or glucose
deprivation, vesicle depletion (36, 37), vesicle
proliferation (31), or vesicle clumping and retrac-
tion away from the presynaptic membrane occurs
(37) . In fetal mouse cerebrum, however, there is
no apparent difference in the number or distribu-
tion of synaptic vesicles present in the presynaptic
processes in Xylocaine-treated and untreated
cultures. Furthermore, the clustering of vesicles
away from the presynaptic membrane is observed
in both treated and untreated cultures . We would
suggest, then, that although the same agents may
cause a failure of synaptic transmission and the
clumping of vesicles, there need not be a relation-
ship between these phenomena . Ross and Bornstein
(29), for example, have observed that bioelectric
activity in mature cultures of fetal mouse CNS
tissues exposed to serum from animals with
allergic encephalomyelitis is blocked immediately,
while degeneration-like morphological changes do
not appear until long after . Since Xylocaine-
treated cultures of fetal mouse cerebrum develop
normally from the standpoint of potential function,
we must conclude that the presence of morphologi-
cally normal synaptic junctions need not imply
normal impulse activity, and that functional
alterations are not necessarily reflected in mor-
phology at the electron microscope level .
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