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ABSTRACT Quantitative studies of synaptic ultrastructure were made in
the upper layers of cat cerebral cortex. Tissues were from intact cortex and from
long-term (chronic) undercut cortex with or without electrical stimulation. The
synaptic effects of chronic electrical stimulation of denervated cortex are most
readily understood as growth and remodeling of synaptic elements. Associated
with chronic stimulation were increases in: symmetric membrane contacts;
areas of round and flat vesicle containing terminals; dendritic shaft contacts;
and synaptic contact lengths. Even without stimulation there were indications of
synaptic plasticity in denervated cortex; compared with intact cortex, synapses
having symmetric membrane contacts showed an increase in bouton area and an
increase in synaptic contacts on dendritic shafts. These data are consistent with
the observations of others in which axonal terminal growth occurred after
deafferentation. But it appears that chronic electrical stimulation in the adult
nervous system promotes significantly more plasticity than occurs without
stimulation. In a functional sense stimulation in the present experiments pro-
duced effective inhibition which did not occur with denervation alone. Thus the
plasticity observed with stimulation had both structural and functional

components.

Electrical stimulation of the central ner-
vous system (CNS) has been widely used in ex-
perimental animals studied over long periods
of time. Currently long-term (chronic) stimu-
lation of portions of the human nervous sys-
tem is receiving increasing attention as a
therapeutic procedure (e.g., Cooper et al., *76;
Dobelle et al., ’76; Fields and Adams, '74;
Richardson, ’76). In some human cases the ef-
fects of CNS stimulation are cumulative and
this implies significant alterations in neural
function. Whether these changes have a basis
in humoral, structural, biochemical or other
factors is unknown. An important considera-
tion is to define the effects of chronic electri-
cal stimulation at the synaptic level. We have
approached this problem by attempting to pre-
vent degeneration of neocortical neuronal
elements, following lesions, by electrical
stimulation.

Deafferentation and deefferentation of neu-
rons in the neocortex can be accomplished by
surgically undercutting the cortex. (These
dual effects upon neurons will be referred to
here as “denervation.”) This procedure results
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in retrograde degenerative loss of many effer-
ent cortical neurons and chromatolysis of
some of those remaining (Cajal, '59; Rutledge,
'69; Rutledge et al., '69; Szentagothai, '65).
The undercut tissue shows gliosis, dendritic
beady swellings and distortions, loss of den-
dritic branchings, and loss of dendritic spines.
Similar effects were found in an irritative
epileptic focus where deafferentation was
thought to be the causal process of the epilep-
tic activity (Westrum et al., '64). There was
also a significant loss of axon collateral
branches (Rutledge et al., ’69). Some of the de-
generative changes could be prevented by
chronic electrical stimulation of undercut cor-
tex (Rutledge, '69; Rutledge et al., ’69); spine
loss was prevented and axon collateral
branches were maintained. These results and
others (Anderson et al.,’75; Chu et al., "71a,b;
Duncan et al., ’68; Rutledge et al., '67) indi-
cated that electrical stimulation of dener-
vated cortex preserved neuronal chemistry,
structure, and function. To determine the pos-
sible alterations in synaptic ultrastructure
with chronic stimulation several questions
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were posed. Do synaptic membrane specializa-
tions and terminal boutons change in size?
Are spines preserved by stimulation located in
particular layers of the cortex or in particular
regions of a given cell? Are types of synapses
distributed differently on cells as a result of
stimulation, indicating perhaps specific func-
tional changes? Answers to these and related
questions would not only help to understand
what happens in stimulated denervated cor-
tex but might be important for explaining
some of the therapeutic effects of brain stimu-
lation referred to above. A preliminary report
of some of the work to be reported here has ap-
peared (Rutledge, '75).

METHODS

Data were obtained from adult cats, two in
each of three groups, designated, Intact Cor-
tex (I), Undercut Cortex (UC), and Undercut
Cortex, Stimulated (UCS). The four experi-
mental animals were prepared in a manner
similar to that previously described (Anderson
et al.,, '75; Rutledge et al.,, '67). Briefly, under
sterile surgical conditions and approaching
through the lateral aspect of the suprasylvian
gyrus, one marginal gyrus in each cat was un-
dercut for 16-20 mm at a depth of about 4 mm.
This resulted in gray and some of the central
core of white remaining in the slab through-
out the width of the undercut gyrus. A major
portion of the blood supply to the marginal
gyrus is via pial vessels extending laterally
from the midline and this remained largely in-
tact. UC cats were left in home cages for 86
and 270 days before they were killed for tissue
preparation. In terms of degenerative changes
Szentagothai ('65) believes stability has been
reached in two months and Gruner et al. (74)
believes this occurs sooner. Hyperexcitability
(““‘supersensitivity’’) develops even earlier
than this (Rutledge, '69; Rutledge et al., '67;
Sharpless and Halpern, ’62). The synaptic al-
terations to be described below did not seem to
be related to duration of undercut. At the time
of undercutting animals destined for chronic
stimulation (UCS) received bilateral electrode
implants in the center of the undercut, and in
the homotopic area contralaterally, and at ap-
proximately the border of areas 17 and 18
(Otsuka and Hassler, '62). Stimulating elec-
trodes were sharpened platinum-iridium nee-
dles, 3 mm apart and extending into cortex
about 0.5 mm. Anterior and posterior re-
cording electrodes were 1.5-mm diameter plat-
inum-iridium balls inserted into the skull, but
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not resting on dura mater, and 4 mm from the
nearest stimulating electrode. Electrical
stimulation of undercut cortex was started
one day after surgery and consisted of one ses-
sion daily of 20, 2-sec trains, 0.5 msec pulses,
50 Hz, given at one minute intervals. The
square pulses were biphasic. Total stimula-
tions were about 400 at 0.6 mA, 400 at 0.8 mA
and 200 at 1.0 mA, all constant current. The
electroencephalogram on both sides of the
brain was monitored to ensure that chronic
stimulation of undercut cortex did not pro-
duce abnormal spiking or afterdischarges.
Test stimulations were occasionally applied to
each side of the brain to determine relative
thresholds for abnormal cortical electrical ac-
tivity. Over a period of 58 days one UCS cat re-
ceived 1,075 electrical stimulations, all below
intensities which could produce abnormal
spiking or afterdischarges. The other UCS cat
received 1,055 stimulations over 48 days. As
determined repeatedly in previous experi-
ments these periods of stimulation are more
than adequate to produce the various changes
described, i.e., those associated with the ab-
sence of hyperexcitability. Obviously the time
since undercutting in UC and UCS is not com-
parable, but as noted above virtually all de-
generation occurs in less than two months.
Further a compromise had to be reached for
UCS since indwelling electrodes tend to pro-
duce increasing amounts of gliosis, thickened
dura matter, and perhaps increased vascu-
larity, as they are left in place beyond about
two months. Time between the last electrical
stimulation and animal sacrifice and tissue
fixation was two and four days for UCS.

All cortical tissues were prepared for elec-
tron microscopy with a slightly modified Col-
onnier protocol (personal communication).
The anesthetized animal was perfused with a
controlled pressure head, beginning at 100
mm Hg. Before starting the flow of the glutar-
aldehyde-paraformaldehyde solution about 1
liter of cold normal saline was perfused
through the animal’s upper body. Following
perfusion blocks of marginal gyri 5 X 5 X 10
mm long were removed, placed in the fixative
and kept in a refrigerator overnight. Small
blocks were then cut through the cortex with
the long orientation surface-to-depth. Blocks
from UCS animals were cut from between the
electrode locations, and no closer than 1 mm to
them. Comparable areas of marginal gyri in
the other animals were sampled. The blocks
were then fixed in an osmic acid solution, de-
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hydrated and embedded in Araldite or Aral-
dite-Epon. Blocks were trimmed so that sec-
tions could be cut perpendicular to the pial
surface. Silver section ribbons were cut,
floated onto 300-mesh grids and stained with
uranyl acetate and lead citrate. -

Sampling procedure for photography

Sections selected for study extended from
just below the pial surface through 8- to 9-grid
squares (about 765 um). Two pictures were
taken at X 11,000 in each grid square, one in
the upper one third and one in the lower one
third. Although higher magnification was not
used for area selection, obvious neuron and
glia somas, capillaries, and major dendrites
and axons were avoided during the photog-
raphy. Only one set of 16 to 18 pictures was
made from a section. Prints were made at a
final magnification of X 24,000. There were
90 to 120 electron micrographs for each
animal.

Quantification

From the electron micrographs counts were
made of ASYM (asymmetrical, distinct post-
synaptic opacity) and SYM (symmetrical,
equally darkened) membrane appositions. Se-
lection was based upon synaptic membrane
configuration and not upon type of vesicles in
the presynaptic element.

Counts were made of terminal (bouton) pro-
files containing round vesicles (RV), flat vesi-
cles (FV) or mixed, RV and FV. Flat and pleo-
morphic vesicles (Colonnier, *68,’74) tended to
be smaller than round vesicles. For purposes
here “terminals” were simply profiles contain-
ing four or more clearly identifiable vesicles.

Bouton (terminal) areas were measured
with a polar planimeter. They were distin-
guished from “terminals” above by nearly all
being selected on the basis of association with
either an ASYM or SYM membrane apposi-
tion. The bouton to be measured had to be
clearly membrane bound so that the extent
was not in question. For a given electron mi-
crograph the average bouton area, (a), was re-
lated in proportion to the area, (A), of the mi-
crograph, i.e., (a/A). This ratio was used for
statistical comparisons.

Since the location of synapses is undoubted-
ly of functional importance counts were made
of synaptic contacts on spines and dendritic
shafts. Many elements identified as spines
contained a spine apparatus, more or less well
defined (fig. 1), or could be seen to be con-
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nected to a dendritic trunk. The rest were seen
as small profiles filled with fluffy material
(Peters et al., ’76). Dendrites, if not seen in
longitudinal section (fig. 1: UC, C), could be
identified if transversely cut by the presence
of microtubules (Peters et al.,’76) (fig. 1: I, C).
If a postsynaptic profile could not be posi-
tively identified on the basis of these criteria
(e.g., fig. 1: UCS, C) it was not counted. For a
further comparison the location of synaptic
contacts was broken down into two groups,
those within about 300 um of the pial surface
and those from 300-750 wm. This would place
the structures selected in about layers I and 11
in the upper sample and in layer IIT and upper
IV in the lower sample (Otsuka and Hassler,
’62). Lengths of ASYM and SYM membrane
appositions were measured and tabulated. For
ASYM appositions the measurement was the
length of the clearly identified postsynaptic
density. For SYM, measurement was of the
length of the region containing equally dark-
ened pre- and postsynaptic membranes, with a
wider synaptic cleft and associated slightly
dense material. No attempt was made to esti-
mate a total synaptic area. If these data were
to be used to establish absolute dimensions,
correction for section thickness, and other
considerations, would have to be followed,
(e.g., Anker and Cragg, ’74). Certainly large
synaptic contacts were most frequently seen
but since all animal tissues were treated
equally and section thickness controlled, data
comparisons seemed warranted.

Mean differences between groups of mea-
surements were statistically evaluated (t-
test, McNemar, ’49). It should be noted that
since there are only two animals in each of the
three groups, a significant difference between
means within a group could mean statistical
treatment between groups would be inap-
propriate. For every measure, and in each
group, differences between the two animals
were statistically evaluated. In the cases
where these were significant they will be
noted.

RESULTS

The first electron microscopic work on un-
dercut neocortex (Szentagothai, '65) indicated
that both axon-spine and axon-dendritic con-
tacts were considerably reduced. Thinner
slabs had greater synaptic loss. The extent of a
deviation from normality could only be deter-
mined by careful measuring and statistical
testing in the present experiments and in
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those of Gruner et al. ('74). Preparations here
included more than the six cortical layers, i.e.,
the undercut was well below cortex. Gliosis,
although largely disappearing in gyri isolated
for 30 to 46 days (Gruner et al., *74), was still
found occasionally within 50 um of the pial
surface in undercut cortex in our cats. It was
not more apparent in the two cats (UCS) with
implanted electrodes. In these animals the
presence of the electrodes, dura removal at
surgical implant and chronic electrical stimu-
lation apparently did not contribute to in-
creased gliosis. The various synaptic ele-
ments, normal in appearance, were readily
found in normal and undercut cortex (fig. 1).

For general considerations in this type of
electron microscopic quantification it will be
helpful to compare some of our data with those
of Gruner et al. (74). They counted in intact
suprasylvian gyrus an average of one synapse
per 10 um? in the superficial layers. From our
sampling we found an average of 5.3 ASYM
and SYM membrane appositions per micro-
graph of 45 um? (I cortex fig. 1: A, B, C), that
is, one synapse per 8.5 um, 18% more than in
the Gruner et al. study. These data may repre-
sent real differences between suprasylvian
and marginal gyri; they may be the result of
differences in tissue fixation or animal prepa-
rations; they may result from differences in
section thickness; or they may be due to dif-
ferences in sampling. The synaptic density in
isolated suprasylvian gyrus was one synapse
per 17 um? (Gruner et al., *74) while in ours it
was one per 10 um?, Thus, in their study gyrus
isolation resulted in a 41% decrease in synap-
tic density in superficial cortex; in our un-
dercut cortex synaptic density decreased only
17%. However, in deeper cortical layers they
found a decrease of only 20%. On the basis of
these findings the superficial layers in un-
dercut marginal gyri contain about 20% more
synapses than do isolated supersylvian gyri.

When tabulating the location of synaptic
contacts on dendritic spines and dendritic
shafts, Gruner et al. "74) found in intact su-
perficial layers, 80% on spines and 20% on
shafts (only axodendritic synapses consid-
ered). Our findings for pooled data are 71% on
spines and 29% on shafts (fig. 5). For their iso-
lated gyri the values were 56 and 44%. For our
undercut gyri the values were 54 and 46% (but
see below). From these comparisons it appears
the independent studies are in substantial
agreement.
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Effects of stimulation

The mean numbers of ASYM and SYM con-
tacts are compared in figure 2. Undercutting
resulted in a 20% decrease in ASYM contacts.
There were no differences between I and UCS.
The effects of undercutting alone on SYM con-
tacts seems negligible but actually one UC
value was less than the I mean, the other was
greater. Chronic stimulation increased SYM
contacts, one cat showing 42% the other 91%
over the I mean. Chronic stimulation seems to
have prevented degeneration or loss of ASYM
contacts and resulted in more SYM ones being
counted. However, since on the average longer
contacts are more likely to be seen these find-
ings must be considered with the “length
changes” below (fig. 7). This might be a factor
in one comparison; ASYM contact length did
increase (fig. 7). Therefore, in number of con-
tacts the lack of a difference between UCS and
I (fig. 2) conceivably could be explained by the
longer contacts of UCS being more frequently
seen and counted.

The comparisons of different vesicle con-
taining terminals are shown in figure 3. Un-
dercutting, with or without stimulation, tend-
ed to result in fewer RV terminals. Quali-
tatively, in the undercut tissue there were
great differences in numbers of terminals.
Some areas had a large density while others
had relatively few terminals. There was no ap-
parent correlation between density of termi-
nals and depth in the superficial layers, pres-
ence of glial elements or presence of blood ves-
sels. Undercutting alone did not reliably alter
the numbers of terminals containing flat vesi-

Fig. 1 Selected electron micrographs to illustrate some
synaptic features of intact (I), undercut (UC) and stimu-
lated undercut (UCS) cortex. Locations of areas were 80-550
wum from the pial surface. Column A shows primarily RA
synapses on dendritic spines. Note in I, A, a flat vesicle con-
taining profile which has a poorly differentiated membrane
apposition on a dendritic shaft (arrow). This shaft has a
stubby spine with a multiple ASYM contact. In UCS, A, one
spine has both an RA and an FS synapse, (*). In column B
are F'S synapses on dendritic shafts (UC, UCS, arrows) and
possibly one on a spine (UCS, *). The spine is irregular and
has multiple contacts. In I, B, the postsynaptic element
with a SYM contact from an FV containing profile cannot
be identified. Column C contains a mixture of synaptic loci
and types. In I, C, there is an FS double contact on an trans-
versely cut dendritic shaft (arrow); in UC, C, there is a clear
FS, with pleomorphic vesicles on a dendritic shaft (arrow)
and opposite what may be an RA synapse; and in UCS, C,
there are two contacts, at least one likely an FS, on what
may be a dendritic shaft (arrow). The plurality of synaptic
contacts seen in the UCS row was frequently found in elec-
tron micrograph fields not preselected.
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cles (fig. 3), but stimulation increased the
numbers of FV terminals by 69% and mixed
vesicle terminals by 94%.

Different from the ‘“terminal” sampling
above where vesicle containing profiles were
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Fig. 2 ASYM and SYM contacts counted in electron
micrographs (X 24,000, area 45 um?). Only contacts with
clear membrane differentiations and marked postsynaptic
opacity (ASYM) or those with equal pre- and postsynaptic
opacities (SYM) were counted. Criteria for selection did not
include identification of vesicle population in the presynap-
tic region nor identification of vesicle population of the
postsynaptic structure. Application of these criteria would
have greatly reduced the number of contacts to be tabu-
lated. Counts were made from each electron micrograph,
the sample sizes being 165 micrographs for intact (I), 190
for undercut (UC) and 156 for stimulated undercut (UCS)
cortex. The sample means appear as ordinate values, On the
average there was less than one SYM contact in each elec-
tron micrograph (45 um?®). In this and the following figures
mean values were compared by student t-test and signifi-
cant differences are indicated by probability levels, other
comparisons are not significantly different. The standard
error of the mean appears at the top of each bar.
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counted, areas of those terminals which were
membrane bound and usually associated with
clearly identified ASYM or SYM contacts
were measured and called “boutons.” Mean
data and comparisons are shown in figure 4.
Electrical stimulation resulted in larger bou-
ton areas for both synaptic types. The areain-
creased by 30% for ASYM and 52% for SYM.
Note that undercutting without stimulation
increased the area of boutons associated with
SYM contacts by 25%.

Undercutting, with or without stimulation,
resulted in an increase in dendritic shaft con-
tacts of 61% (UC) and 72% (UCS) (fig. 5). Al-
though spine contacts for UC appear less
(18%) than in I, the difference was found
largely in only one of the two cases, the de-
creases being 3% and 20%. Disregarding this,
the p value for the difference between the
pooled area means is 0.01. Undercutting plus
stimulation resulted in significantly more
contacts on spines than undercutting without
stimulation. Keeping in mind the differences
in the two UC animals, (3% and 30%), under-
cutting alone changed the mean proportion of
spine and shaft contacts, as compared with in-
tact, from 71% and 29% to 54% and 46%. The
decrease for UCS was to 60% and 40% (spine
and shaft respectively).

Within the superficial layers the effects of
denervation and stimulation are not the same
when synapse location data from the upper
area (layers I and II) are compared with those
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Fig. 3 Terminals with different populations of vesicles. Terminals were identified as apparent axon termi-
nals containing four or more clear vesicles. Since the majority could not be associated with a synaptic contact
they were distinguished from “boutons.” Ordinates are mean values per electron micrograph for sample sizes of
165, 190 and 156. On the average intact cortex (I) had about 20 RV terminals per micrograph (45 um?) but only 2
FV terminals (including mixed). Distinctions were made between those containing only round vesicles (RV),
only flat vesicles (FV), and those with a mixed population, RV and FV.
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Fig. 4 Mean presynaptic bouton area of RA and FS syn-
apses (a) as a ratio to total area sampled (A). Only those
boutons clearly membrane bound were measured. Statisti-
cal comparisons were made of the total mean ratio values
for the various sample sizes (118, 163, etc.). For conven-
ience, ratios are 10? of actual values.
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Fig. 5 Location of synaptic contacts. Counts were made
in each electron micrograph of the kind of postsynaptic ele-
ment, whether dendritic spine or dendritic shaft. No dis-
tinction was made between ASYM and SYM membrane con-
tacts associated with the postsynaptic structure. Com-
parisons were of mean values, ordinate, for the sample sizes
indicated at the bottom of the bars.
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from somewhat lower (approximately layer III
and upper IV) (fig. 6). Although the samples
are small for the lower area, and caution in
interpretation should be heeded, some inter-
esting and significant differences were found.
More spine contacts are lost with under-
cutting somewhat deeper in the superficial
layers, whereas electrical stimulation is
“more effective” on spine contacts high in
layers I and II. When synaptic locations on
dendritic shafts are considered there was a
62% increase in these contacts at the upper
location in undercut cortex. For lower den-
dritic shaft contacts, within group data vari-
ability did not justify a statistical test of I and
UC means. There is no similar problem with
UCS data. At both locations stimulation re-
sulted in significantly more dendritic shaft
contacts (45% upper, 122% lower).

Synaptic contact lengths are compared in
figure 7. ASYM and SYM contacts average
0.32 and 0.27 um respectively. Undercutting
alone did not significantly change these
lengths, but with stimulation significant in-
creases of 12% and 28% were found.

Table 1 is a summary of the effects of dener-
vation and chronic electrical stimulation on
synaptic features in undercut cortex as com-
pared with intact. Denervation alone resulted
in synapses associated with symmetric mem-
brane contacts having larger bouton areas and
more contacts on dendritic shafts. Chronic
stimulation produced increases in, symmetric
membrane contacts, areas of round and flat
vesicle containing profiles, dendritic shaft
contacts and synaptic contact lengths.
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Fig. 6 Mean synaptic contacts per electron micrograph at different depths in cortex. Data were from the
“upper” 300 um and “lower,” 300-750 um. Sample sizes at bottom of bars.
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Fig. 7 Comparisons of ASYM and SYM synaptic con-
tact lengths. Where possible vesicle type (RV, FV including
mixed) in the presynaptic ending was used to confirm the
type of contact. Membrane appositions had to be clearly
seen throughout their lengths for selection. The ordinate is
on a scale of 25 being equal to 1.0 um. Lengths of multiple
contacts at a given terminal were added. The number of con-
tact lengths measured in each group is indicated at the bot-
tom of each bar.

TABLE 1

Synaptic features of undercut and stimulated undercut
cortex as compared to intact cortex

Stimulated
Undercut undercut

ASYM contacts - 0
SYM contacts NS +
Contact length ASYM 0 +
Contact length SYM 0 +
Round vesicle terminals NS NS
Flat vesicle terminals-all NS +
Bouton area-RA 0 +
Bouton area-FS + +
Contacts on:

Spines-all NS 0

Dend. shafts-all + +

Spines-upper 0 +

Spines-lower - 0

Dend. shafts-upper + +

Dend. shafts-lower NS +

0, normal; —, decrease; +, increase; RA, round vesicles, ASYM, FS,
flat vesicles, symmetrical; NS, not a statistically significant dif-
ference.

DISCUSSION

A problem of concern in the interpretation
of these results is the effect of the loss of neu-
rons and attendant collapse or shrinkage of
cortical neuropil upon synaptic density. With
denervation there would be a synaptic loss and
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if this was in proportion to neurons lost it
could result in no change in synaptic density.
In any event shrinkage should be the same in
all undercut tissues, assuming undercut tis-
sue thicknesses were about equal, and various
measures, purely on a density basis, ought to
be the same in UC and UCS. Quantitation in
studies using the electron microscope is
fraught with many difficulties (Anker and
Cragg, '74; Vrensen and De Groot, '73; Weibel,
’69). As applied to the CNS one would feel
more secure with measurements on ultra-
structure if relevant data were available
using the light microscope. A basis for under-
taking the present work was the previously
published quantitative results (Rutledge, '69;
Rutledge et al., ’69) of studies on dendritic
spines and axon collaterals in undercut and
stimulated undercut cortex using Golgi-Cox
prepared tissues. Those results, as well as
those of Benhamida et al. ('70) on dendritic
spines in isolated cortex, demonstrated statis-
tically significant losses of these structures.
Our present results and those of Gruner et al.
(74) show that with careful sampling, and
using simple and constant counting and
measuring techniques, reliable quantitative
data on synaptic structures following deaf-
ferentation and deeferentation of neocortex
can be obtained with the electron microscope.

There are two groups of measurements
in the present experiments, one associated
with ASYM the other with SYM membrane
contacts. In neocortex initially fixed with
aldehyde, certain elements of synapses are
most frequently found together (Colonnier,
’68). Usually ASYM contacts have distinct
postsynaptic opacities and presynaptic struc-
tures containing round vesicles while SYM
contacts have membrane appositions equally
darkened and a presynaptic terminal with
small, flat vesicles. As pointed out by Colon-
nier (68,°74) these types correspond closely to
but are not strictly the same as Gray’s Types 1
and 2 (Gray, ’59). For convenience here, the
terms RA (round vesicles, asymmetrical mem-
brane appositions) synapses and FS (flat vesi-
cles, symmetrical membrane appositions) syn-
apses will be used to distinguish the two types.

Denervation by undercutting, and without
stimulation, resulted in a significant loss of
ASYM contacts (table 1) but other measures
of RA synaptic elements were variable, espe-
cially the counts of RV terminals in both UC
and UCS. The identification of terminals with
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vesicles was difficult. It could not be assumed
that every profile containing vesicles was a
part of a synaptic complex since a clustering
of four or more vesicles could appear in pro-
files that were not terminal, notably within
the axon itself. Further, there were area dif-
ferences with the overall density in some elec-
tron micrographs being greater than in others.
Of course this pertains to both RV and FV ter-
minalis, but in the case of the latter to find
four FV alone was unusual and positive iden-
tification for FV frequently resulted in count-
ing only those terminals where many vesicles
had a marked “flatness.”

Light microscopic work found significant
losses in dendritic spines in undercut cortex
(Rutledge, ’69) or in isolated cortex (Ben-
hamida et al., *70). Further, qualitative stud-
ies showed similar effects of cortical dener-
vation (Cajal, '59; Szentagothai, ’65; Wes-
trum et al., ’64). In the present study only one
location, 300-750 um below the cortical sur-
face, had a significant loss of contacts on
spines with undercutting, but this measure-
ment is not the same as counting spines in
light microscopy. Also, with the Golgi-Cox
technique and using the light microscope the
spines most easily counted and noticed when
not present are the largest ones and in our pre-
vious study (Rutledge, '69) these were on
upper layer pyramidal cells. With electron mi-
croscopy all spine contacts large and small
were counted, the parent structure uniden-
tified. Data from the two studies are not
necessarily comparable. For round asym-
metrical synapses the effects of electrical
stimulation are clear, except for the vari-
ability in numbers of RV terminals (table 1).
Stimulation increased contact length, bouton
area and spine contacts in the most upper part
of the cortex. These effects are more profound
than those found with the light microscope in
UCS (Rutledge, '69; Rutledge et al., ’69), since
no increases were observed in any of these
structures measured in Golgi-Cox material.
Increases in neuronal structures were seen in
another type of experiment wherein direct
cortical stimulation was the causal factor
(Rutledge et al., *74).

Except for an increase in bouton area under-
cutting alone had a variable effect upon ele-
ments of FS synapses. This is in contrast to
the effects of stimulation. In all four mea-
sures, numbers of SYM contacts, FV termi-
nals, bouton area and contact length, there
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were significant increases over normal corti-
cal values (table 1). Thus stimulation had a
decidedly stronger effect upon FS synapses
than upon RA synapses.

A provocative observation in the present
study, as compared with light microscopic
work in which the interpretation was that
stimulation prevented spine loss from an ex-
pected 40% (UC) toonly 7% (UCS), is that with
the exception of RV terminals, stimulation re-
sulted in normal numbers of synaptic ele-
ments or increased the numbers and sizes.
Chronic stimulation cannot preserve afferent
axons (terminals) and synaptic elements and
therefore the alterations in fine structure as a
result of stimulation must be thought of as re-
sulting from changes at synapses served by in-
tracortical axons—as compared with normal
cortex. Increases in synaptic dimensions,
numbers, etc. would be interpretable as
growth changes of remaining synaptic ele-
ments. Growth changes could involve sprout-
ing of terminals onto existing spines or onto
newly formed spines. There is evidence at
least for the latter in our earlier light micro-
scopic data (Rutledge, ’69; Rutledge et al,,
’69). If the earlier data are valid measures of
spine populations, and there is a 40% decrease
in spines in denervated cortex but only 7% in
stimulated cortex, then stimulation must in-
crease numbers of spines served by intracorti-
cal terminals rather than preserve spines
denuded of endings from afferent axons. To
what extent vacated spines may be reoccupied
by intracortical terminals is unknown.

In neocortex most RA synapses are associ-
ated with dendritic spines and most FS syn-
apses are on dendritic shafts (Colonnier, '68).
There are exceptions, and there are mixtures
of elements, but if these are disregarded, un-
dercutting alone increased FS synapses in the
most upper part of cortex and decreased RA
synapses in the lower portion. There was thus
a differential effect, suggesting, by the pres-
ence of the specifically located new shaft con-
tacts, a compensatory response to denerva-
tion, perhaps axonal sprouting. Although
details are lacking, there is a recent mention
of an increase in Gray’s Type 2 synapses in iso-
lated cortex (Ulmar et al., ’76). Both spine and
dendritic shaft contacts are increased, or no
different from intact cortex, in UCS. Stimula-
tion apparently promoted growth of RA and
FS synaptic complexes.

There are functional implications of these
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observations if it is assumed that RA synapses
are equivalent to Gray’s Type 1 synapses, FS
synapses are equivalent to Gray’s Type 2 and
the two types function, respectively, as ex-
citatory and inhibitory structures (Larra-
mendi et al., ’67; Lund and Westrum, ’66;
Uchizono, '68; Walberg, ’68). Inhibition is still
operative in undercut cortex (Krnjevi¢ et al,,
"70a,b) but there is actually a 10-25% loss
(Anderson et al.,”’75). It is suggested that
there is an aborted attempt by inhibitory neu-
rons to maintain functional integrity in
denervated cortex. Bouton area and dendritic
shaft contacts in upper cortex increased in FS
synapses. If new shaft contacts form, axon ter-
minal sprouting seems the most likely expla-
nation. Swelling of terminal boutons would be
a more subtle expression of axonal growth.
There is no direct evidence from the present
experiments that would explain “supersen-
sitivity” in undercut cortex. However, the ef-
fects of stimulation on fine-structure and our
previous work showing that ‘‘supersen-
sitivity” is not present in UCS, indicates that
stimulation produces new functional inhibi-
tion. It is suggested that this result is medi-
ated by the growth of new FS synapses in UCS.
Further, normal excitatory circuits are main-
tained as indicated by the fine-structure of
RA synapses (with the exception of RV termi-
nals).

The changes observed in UCS can be best de-
scribed as synaptic growth or remodeling. We
feel that chronic electrical stimulation pro-
duced neuronal activity and increased synap-
tic use resulting in the described effects.
There are other data which point to growth
plasticity following denervation in adult, ma-
ture nervous systems, for examples, in septal
nuclei {Raisman and Field, 73), in adrenergic
neurons (Moore et al., ’74; Stenevi et al., ’73),
in the hippocampus (Lynch et al., ’73; Mat-
thews et al., ’76; Steward et al.,’74,’76) and in
VPL of the thalamus (Wall and Egger, '71).
Still other experiments indicate that plastic-
ity of structure can be produced or accelerated
by specific stimulation. Fehér et al. (72)
showed that in adult cats 30 to 45 minutes of
acoustic stimulation produced either an in-
crease or a decrease in vesicle density in axon
terminals in layers IV and V of cat cerebral
cortex. Following a short period of stimulation
of the perforant path, spines in the fascia den-
tata were swollen, indicative of increased syn-
aptic activity (Van Harreveld and Fifkova,
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'75). Synapses in layer III of the cerebral cor-
tex were larger as a result of supposedly in-
creased synaptic activity in rats subjected to
an enriched environment (Mgllgaard et al,,
'71), and exposure to a complex environment
produced an increase in dendritic branching of
neurons in occipital cortex (Greenough and
Volkmar, '73). There are numerous reports
showing that neuronal structure and function
are especially plastic in the developing or im-
mature brain. For example, in a recent quan-
titative electron microscope study of kitten
neocortex which had received sensory input
for the first time at one month of age, Garey
and Pettigrew (74) found a significant in-
crease in axon terminals and vesicle density.
It now seems certain that many neurons of
the central nervous system can express con-
siderable plasticity following lesions, even in
the adult brain. Partial denervation of an area
can provide a convenient and useful method of
revealing synaptic growth processes and as
emphasized in the present work, synaptic and
functional remodeling can be promoted by
electrical stimulation of denervated tissue
containing complex neuronal circuitry.
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