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Abstract

Calcium accumulation by mitochondria and the activity and in vitro phosphorylation of pyruvate
dehydrogenase were measured in control and partially denervated hippocampus. Calcium uptake
was measured with a calcium-sensitive electrode and “’Ca®* accumulation; both methods indicated
that lesions of the entorhinal cortex produced a sizable reduction of calcium transport when
mitochondria were fueled with pyruvate while much smaller changes were observed using succinate
or ATP as energy sources. The decrease in calcium transport was evident by 24 hr after the lesion
and was still present 6 months later. Synaptic and nonsynaptic mitochondria were similarly affected
by the lesions. The activity and in vitro phosphorylation of pyruvate dehydrogenase were also
significantly reduced following lesions of the entorhinal cortex, suggesting that denervation altered
the endogenous state of phosphorylation of the mitochondrial enzyme. Commissural lesions but not
septal lesions also resulted in a decrease in mitochondrial calcium transport when mitochondria
were fueled with pyruvate.

These findings suggest that denervation disturbs mitochondrial regulation of free calcium via an
action on enzymes which regulate pyruvate dehydrogenase phosphorylation and activity. The
potential relationship of this effect to degenerative changes associated with deafferentation and

certain disease states is discussed.

Neuronal degeneration and atrophy in brain are found
in a number of disease states and quite possibly form
part of the aging process. Although little is known of the
biochemistry involved in these pathologic states, an in-
creasing body of evidence points to a role for calcium and
calcium-activated proteinases in experimentally induced
degeneration in the peripheral nervous system (Schlaep-
fer, 1977; Schlaepfer and Micko, 1978). It becomes of
interest therefore to determine if atrophic effects in brain
are preceded by perturbations in calcium-buffering
mechanisms. Toward this end, we recently investigated
the effects of denervation on calcium sequestration by
mitochondria in hippocampus. Mitochondria possess a
high-affinity, large capacity uptake system for calcium
and it has become increasingly apparent that they play
an important role in buffering calcium levels inside neu-
rons (Bygrave, 1977; Erulkar and Fine, 1979). The hip-
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pocampus was selected for analysis because the dendritic
shrinkage, spine losses, and reactive growth responses
which occur in this structure following destruction of its
primary afferents have been both quantitatively and
qualitatively described (Rose et al., 1976; Gall et al., 1978,
1979, 1980).

In our first study on denervation and calcium regula-
tion, we compared pyruvate versus succinate- or ATP-
supported calcium sequestration by hippocampal mito-
chondria after lesions of the entorhinal cortex. Pyruvate
is the primary source of carbon for the tricarboxylic acid
cycle (via its conversion to acetyl-CoA) and the activity
of pyruvate dehydrogenase (PDH) is linearly related to
calcium uptake by brain mitochondria (Browning et al.,
1981), making it more likely that changes in pyruvate-
dependent functions will have more important conse-
quences than changes in succinate- or ATP-dependent
calcium transport. We found that PDH activity and
pyruvate-fueled uptake were substantially depressed in
mitochondria isolated from denervated hippocampi;
ATP-supported uptake was not detectably changed un-
der these conditions (Baudry et al., 1982a).

The experiments described in the present report ex-
tend these initial observations by first determining the
time course of the depression of uptake and, second,
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establishing if removal of other major afferents of hip-
pocampus produces effects similar to those observed
after entorhinal lesions. In addition, we sought to test the
idea that the level to which mitochondria are able to
buffer free calcium concentrations (the ‘“‘set-point”) is
affected by prior denervation. The results are discussed
in terms of a hypothesis of degenerative diseases of the
CNS.

Materials and Methods

Male Sprague-Dawley rats (150 to 250 gm) were main-
tained in a well-ventilated environment at a constant
temperature of 22° C with a light-dark cycle (lights on 7
A.M. to 7 p.M.) and with free access to food and water.

Lesions of various afferent pathways

Removal of the commissural afferents to the hippo-
campal formation was accomplished by the aspiration of
the contralateral hippocampal formation (with special
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care taken to not damage the septum ipsilateral to the
lesion). The septal and entorhinal afferents to the hip-
pocampal formation were eliminated by making stereo-
taxically placed electrolytic lesions in the ipsilateral me-
dial septal nucleus and nucleus of the diagonal bands and
in the ipsilateral entorhinal cortex, respectively. All le-
sions were made with the rats under sodium pentobar-
bital anesthesia. Electrolytic lesion coordinates were ver-
ified histologically prior to their use on the experimental
animals (see Fig. 1).

Preparation of mitochondria

Crude mitochondrial fraction. Rats were killed by
decapitation, and the hippocampi was rapidly dissected
and homogenized in 2 ml of cold 0.32 M sucrose. Crude
mitochondrial fractions were prepared by differential
centrifugation (first centrifugation 1,000 X g for 10 min
followed by centrifugation of the supernatant at 14,000
% g for 20 min).

Figure 1. Histologic verification of the entorhinal cortex lesions. This Nissl-stained horizontal section through the hippocampal
formation and retrochippocampal area of an adult rat illustrates the extent of an electrolytic lesion of the entorhinal cortex placed
by the same coordinates used in the biochemical studies. m. ent., medial entorhinal cortex; . ent., lateral entorhinal cortex.

Calibration bar: 300 pm.
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Purified mitochondria. Purified mitochondria were
prepared according to the method of Clark and Nicklas
(1970) as previously described (Browning et al., 1981).
The separation of free and synaptic mitochondria was
obtained according to the method of Lai and Clark (1976).

Calcium accumulation

The various mitochondrial fractions were reconsti-
tuted in a buffer consisting of 150 mm KCl, 1.3 mmMm
MgSO,, 2.4 mm NaH;POs, 20 mm HEPES, and sufficient
Tris to adjust the pH to 6.6.

% 0Ca accumulation. The accumulation of **Ca (100 Ci/
mol; International Chemical and Nuclear Pharmaceuti-
cals, Irvine, CA) was measured as previously described
(Browning et al., 1981) at a fixed calcium concentration
of about 2 uM, obtained with the use of a calcium-EGTA
buffer.

Calcium accumulation measured with a calcium-sen-
sitive electrode. Aliquots of the mitochondrial fractions
were preincubated for 5 min at room temperature (0.1 to
0.2 mg protein/ml) in a final volume of 5 m} in the
presence of 1 mM ADP (since the omission of 0.1 mm
CoA did not modify the properties of calcium transport,
it was omitted in all of the experiments). Free calcium
was monitored by a calcium-sensitive electrode (Beck-
man, Irvine, CA) and millivolts were recorded on an
Omniscribe recorder. The electrode was calibrated using
calcium EGTA buffers by applying the formula [Ca]**
free = KR/(1-R) where R represents the ratio of total
calcium over total EGTA and K the dissociation constant
for calcium-EGTA which equals 1.28 X 107 M at pH 6.6
(Portzehl et al., 1964).

PDH activity and phosphorylation

Crude mitochondrial fractions were resuspended by
sonication in cold 25 mm PIPES buffer (pH 7.2) contain-
ing 1 mm EDTA. “Active” and “total” PDH activity were
measured as described previously (Baudry et al., 1982a),
whereas a-PDH phosphorylation was determined by a
modification of the method of Browning et al. (1981) as
described elsewhere (Baudry et al., 1982b).

Proteins were determined according to the method of
Lowry et al. (1951) with bovine serum albumin as stan-
dard.

Student’s ¢-test was used to statistically compare var-
ious data; in the case of ipsilateral versus contralateral
side comparisons, the paired ¢-test was used.

Results

“Ca accumulation by hippocampal mitochondria at
various times following a unilateral entorhinal cortex
lesion

We measured *’Ca accumulation in the mitochondrial
fraction from the ipsilateral (denervated) and contralat-
eral (control) hippocampus at various times following a
unilateral lesion of the entorhinal cortex using pyruvate,
succinate, or ATP as substrates (Fig. 2). The pyruvate-
supported accumulation in the ipsilateral mitochondria
was significantly decreased 24 hr after the lesions; the
effect reached a maximum 5 days after the lesions, at
which point it represented a 45% decrease. A slight
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Figure 2. Changes in pyruvate- and ATP-supported calcium
transport at various times after unilateral entorhinal cortex
lesions. **Ca Accumulation supported by pyruvate or ATP in
hippocampal crude mitochondrial fractions was measured at
various times following unilateral entorhinal cortex lesions as
described under “Materials and Methods.” Results, which are
the means of three to six experiments, are expressed as per-
centage of the values found in the contralateral side.

TABLE 1
Changes in the ratio of P/S- and P/A-supported *Ca accumulation
at various times after a unilateral entorhinal cortex lesion
At various times following a unilateral entorhinal cortex lesion, rats
were killed by decapitation, the hippocampi were rapidly dissected, and
crude mitochondrial fractions were prepared as described under “Ma-
terials and Methods.” Pyruvate-, succinate-, and ATP-supported “’Ca
accumulations were measured in the lesioned ipsilateral side and the
control contralateral side. Ratios of P/S- or P/A-supported calcium
transport were calculated. The results represent the percentage of
decrease in the ipsilateral side as compared with the contralateral side
and are mean £ SE. of the indicated number of experiments (in
parentheses). Paired ¢-test was used to evaluate statistically the levels
of significance of the differences, and in every case p was found at least
<0.05.

Time After the Lesion

1 day (3) 3 days (3) 1 week (12) 3 weeks (3) 6 months (6)
P/S —-20x 8 —-34+10 305 -19+6 —-28 + 7
P/A -32x9 —26 £ 17 —-38+6 —24 = 12 ~27 + 13

tendency to return to control values was observed be-
tween 5 days and 2 weeks after the lesions, after which
uptake declined to minimal values and remained at this
level. No significant decrease in the ATP-supported **Ca
accumulation was detected before 3 weeks, after which
uptake decreased by about 15%. These data can be
further analyzed by calculating the ratios of the pyruvate-
over succinate- (P/S) or pyruvate- over ATP (P/A)-
supported *’Ca accumulations, values which are indepen-
dent of the amount of protein and therefore eliminate
the possibility that the observed changes reflect differ-
ences in the amount of mitochondria in the various
samples (Table I). These ratios were significantly de-
creased by 25 to 30% as soon as 1 day after the lesion and
remained decreased at each time point after the lesion.
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Effects of unilateral entorhinal cortex lesion on **Ca
accumulation in free and synaptic hippocampal
mitochondria

To determine whether the changes in **Ca accumula-
tion by mitochondrial fractions occur more specifically in
free or synaptic mitochondria, we separated these two
categories of mitochondria according to the method of
Lai and Clark (1976). One week after a unilateral ento-
rhinal cortex lesion, the pyruvate-supported “’Ca accu-
mulation was similarly reduced by about 55% in both free
and synaptic mitochondria (Table II). The succinate-
supported *’Ca accumulation was also slightly but sig-
nificantly reduced, whereas the ATP-supported “’Ca ac-
cumulation was not significantly modified. Thus, the
ratios pyruvate- over succinate- or pyruvate- over ATP-
supported calcium transport were also similarly reduced
in free and synaptic mitochondria.

Effects of lesions to various afferent pathways to the
hippocampus on calcium transport by hippocampal
mitochondria

The major extrinsic afferents of inputs to hippocampus
arise in the ipsilateral entorhinal cortex and the contra-
lateral hippocampus. The septum, thalamus, and brain-
stem provide projections which generate far smaller pop-
ulations of synapses. We measured the effects of com-
missural lesions on the pyruvate- , succinate- , or ATP-
supported calcium transport by hippocampal mitochon-
dria 1 week after a unilateral hippocampal aspiration
(Table III). The pyruvate-supported calcium was signifi-
cantly reduced by 25% in the mitochondrial fraction
prepared from contralateral hippocampus as compared
with unoperated rats. The succinate- or the ATP-sup-
ported calcium transport was not modified by the lesion.
Consequently, the ratios of P/S or P/A were also signifi-
cantly reduced by 25%. On the other hand, unilateral
lesions of the septum produced no significant effects on
pyruvate- , succinate- , or ATP-supported calcium trans-
port of mitochondria from the ipsilateral hippocampus as
compared with the contralateral hippocampus (data not

shown).

TABLE 10
Changes in pyruvate-, succinate-, and ATP-supported calcium
transport in free and synaptic mitochondria 1 week after a
unilateral entorhinal cortex lesion

One week after a unilateral entorhinal cortex lesion, rats were killed
by decapitation, their hippocampi were rapidly dissected, and free and
synaptic mitochondria were prepared as described under “Materials
and Methods.” Results representing the values found in the ipsilateral
side preparation are expressed as percentage of the values found in the
contralateral unlesioned side and are mean * SE of six experiments.

Synaptic Free
Mitochondria Mitochondria

P —53 + 10% —56 + 6%"
S —25 + 13%" —23 = 10%°
A -3 + 14%" -14 £ 11%°
P/S -38 + 11%"“ —42 + 6%"
P/A —53 + T%" =50 + 3%"“

“p < 0.001 (paired ¢-test).

*p < 0.0l

“ Not significant.
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TABLE III
Effect of commissural lesions on pyruvate-, succinate-, and ATP-
supported calcium transport on hippocampal mitochondria

One week after a unilateral hippocampal aspiration, rats were killed
by decapitation, the hippocampi were rapidly dissected, and crude
mitochondrial fractions were prepared as described under “Materials
and Methods.” The pyruvate-, succinate-, and ATP-supported **Ca
accumulation were measured in the contralateral side (lesion) and
compared with values obtained in control nonoperated animals. Results
for the pyruvate-, succinate-, or ATP-supported calcium transport are
expressed in nanograms of calcium/milligrams of protein and are mean
+ SE. Number of experiments in parentheses.

Control (14) Lesion (14) % Change
P 519 £ 50 387 £ 27 —25¢
S 1440 + 85 1399 + 88 -3
ATP 694 + 40 685 + 50 -1°
P/S 0.36 £ 0.02 0.28 £ 0.02 —22¢
P/A 0.76 £ 0.07 0.56 = 0.05 —25“

“p < 0.05 (Student’s ¢-test).
* Not significant.

Effects of entorhinal cortex lesions on calcium
transport by hippocampal mitochondria studied with a
calcium-sensitive electrode

Calcium transport in control animals. In order to
define further how the decrease in pyruvate-supported
*Ca accumulation could modify the regulation of calcium
buffering inside the cell, we investigated the effects of
entorhinal cortex lesions on hippocampal calcium trans-
port using a calcium-sensitive electrode. This technique
has shown that mitochondria buffer free calcium to the
low micromolar range (Becker et al., 1980; Nicholls and
Scott, 1980). We first showed that brain mitochondria
were also able to decrease free calcium levels in the low
micromolar range (about 0.5 pM) using pyruvate as a
substrate (Fig. 3). Once a plateau is reached and a pulse
of calcium is given, the rate of transport decreases and
the new set-point is reached at a higher calcium concen-
tration. This is not due to an exhaustion of the substrate
because adding more pyruvate does not modify the set-
point. This effect is not due to a saturation of the mito-
chondria because after adding succinate, mitochondria
will reduce free calcium to lower concentrations than
were observed with pyruvate alone (Fig. 3). The pyru-
vate-supported calcium transport in mitochondria is to-
tally blocked by the inhibitor of pyruvate transport a-
cyanohydroxycinnamate (0.1 mM) and by the uncoupler
dinitrophenol (0.1 mm). Once equilibrium is reached,
addition of the calcium ionophore Ass 157 (5 uM) induces
an immediate release of calcium into the medium. We
first demonstrated that treatment resulting in a modifi-
cation in the state of phosphorylation of -PDH could
result in changes in calcium transport similar to those we
previously reported using the “Ca accumulation method
(Browning et al., 1981). As shown in Figure 3, preventing
the phosphorylation of a-PDH by preincubating mito-
chondria with an inhibitor of PDH kinase, dichloroace-
tate (DCA) (Leiter et al., 1978), resulted in an increased
rate of calcium transport as well as in a decrease in the
set-point at which mitochondria buffer free calcium (0.35
M instead of 0.55 mm). It also reduced the rate of
inactivation of the pyruvate-supported calcium transport
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Figure 3. Effect of DCA and fluoride on the regulation of
calcium transport in mitochondria. Forebrain mitochondria
were purified as described under “Materials and Methods” and
incubated at room temperature under contro! conditions
(—) or in the presence of 5 mm DCA (--.--. ) or 10 mM
potassium fluoride (- ~-). Free calcium concentration was meas-
ured with a calcium-sensitive electrode. After a 2-min preincu-
bation, 0.5 mM pyruvate was added. At the indicated times,
calcium chloride was added (25 nmol/mg of protein). Succinate
(5 mM) was added after 20 min of incubation. The experiment
was replicated three times with similar results.

following successive additions of calcium. On the other
hand, DCA had no effect on the succinate-supported
transport whether the succinate is added after pyruvate
addition (Fig. 3) or before (data not shown). Conversely,
addition of fluoride ions, which have been shown to
inhibit PDH phosphatase therefore preventing the de-
phosphorylation of PDH (Leiter et al., 1978), resulted in
a decreased rate of transport as well as in increase in the
set-point (Fig. 3). More significantly, it also resulted in
an increase in the rate of inactivation of the pyruvate-
supported calcium transport. This possibly reflects the
fact that mitochondria have to generate enough ATP to
phosphorylate a-PDH, which can occur only when cal-
cium transport stops. In this case, too, addition of fluoride
did not modify the succcinate-supported calcium trans-
port.

Effects of unilateral entorhinal cortex lesions. One
week after a unilateral entorhinal cortex lesion, the rate
of calcium transport supported by pyruvate was reduced
in the mitochondria prepared from the ipsilateral side as
compared with the contralateral side. In addition, the
set-point at which mitochondria buffer free calcium levels
was significantly elevated (Fig. 44). The rate of inacti-
vation of the pyruvate-supported calcium transport was
also markedly increased in the lesion side as compared
with the control side. On the other hand, the succinate-
supported calcium transport is only slightly decreased on
the lesion side as compared with the control side (Fig.
4B). A similar effect was observed as early as 1 day after
the lesion (data not shown).
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Effects of entorhinal cortex lesions on PDH activity
and phosphorylation

Since most of the previously reported data pointed to
an effect of the lesion on the activity and/or the state of
phosphorylation of PDH, it was of interest to measure
these two parameters. One week after the unilateral
lesion of the entorhinal cortex, there was a small but
significant decrease in the active PDH activity without
changes in the total PDH activity, accompanied by a
reduced in vitro phosphorylation of its a-subunit (Table
V).

Discussion

The present data show that lesions of the major ex-
trinsic inputs to the hippocampus result in marked mod-
ifications in the regulation of calcium transport by hip-
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Figure 4. Changes in calcium transport by purified hippo-
campal mitochondria 1 week after unilateral entorhinal cortex
lesion. Mitochondria from four pooled hippocampi of ipsilateral
(lesion) or contralateral (control) sides were purified 1 week
ollowing unilateral entorhinal cortex lesions. Equal amounts of
proteins (0.2 mg of protein/ml) from the control and lesioned
preparations were preincubated at room temperature. Changes
in calcium concentrations were measured with a calcium-sen-
sitive electrode as described in “Materials and Methods.” A,
Pyruvate (0.5 mM) and Ca®* (25 nmol/mg protein) were added
as indicated. B, Succinate (5 mm). The experiment was repli-
cated three times with similar results.
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TABLE IV
Effects of unilateral entorhinal cortex lesions on PDH activity and
phosphorylation

One week after a unilateral entorhinal cortex lesion, rats were killed
by decapitation, their hippocampi were rapidly dissected, and crude
mitochondrial fractions were prepared as described under “Materials
and Methods.” Active and total PDH activity data are from Baudry et
al. (1982a). For a-PDH phosphorylation, autoradiographs were ana-
lyzed by quantitative densitometry, and the data expressed as the ratio
of the peak height of the PDH band to the total peak height of the
other major bands (excluding the 50K band which showed inconsistent
variation among different experiments).

Sid PDH Activity «-PDH
1de (% active/total) Phosphorylation
Lesion (6) 39 £ 2° 56.9 + 1.3°
—20% —-16%
Control (6) 49+ 2 674+ 24

“p < 0.01 (Student’s ¢-test).

pocampal mitochondria. With the use of two quite dif-
ferent techniques, we found that pyruvate-supported cal-
cium transport was significantly reduced, while only
small reductions occurred for succinate- or ATP-sup-
ported calcium transport. The effects of the lesion on
pyruvate-supported calcium transport were evident as
early as 24 hr postlesion and persisted for at least 6
months after the lesion. Since shrinkage of the molecular
layer and electron-opaque degeneration are not present
24 hr after the lesion, changes in calcium regulation
precede much if not all of the pathologic responses of the
dendrites. This strengthens the possibility that pertur-
bations in calcium regulation are causally linked to
atrophic effects of denervation. The fact that calcium
transport is decreased to the same extent in both synaptic
and free mitochondria indicates that the effects of the
lesions on calcium regulation are not restricted to a
specific population of mitochondria and could occur in
neuronal as well as glial elements. However, considering
that glial elements represent a small fraction of the
neuropil (McWilliams and Lynch, 1978), it is more likely
that the bulk of the effect is localized in neuronal mito-
chondria.

Superimposed on the immediate effect of the lesion on
pyruvate-supported transport, a delayed decrease in suc-
cinate- or ATP-supported uptake was also found after
unilateral entorhinal cortex lesions.

The denervation-induced perturbations tended to be
less pronounced during the period from 5 days to 3 weeks
after the lesion. This is the time frame during which axon
sprouting begins and reaches its maximum rate in the
hippocampus (McWilliams and Lynch, 1979). This time
course is also similar to that for metabolic alterations
studied with the [*H]2-deoxyglucose autoradiography
technique (Stewart and Smith, 1980). In that study,
unilateral lesions of the entorhinal cortex resulted in a
generalized decrease in 2-deoxyglucose uptake in the
denervated territory beginning at 1 day postlesion and
continuing for at least 1 month thereafter. However,
between postlesion days 6 and 10, an increased 2-deoxy-
glucose uptake was observed in the outer molecular layer
of the dentate gyrus.

Several arguments indicate that the effect of the lesion
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on mitochondrial calcium transport is mediated through
an action on PDH phosphorylation and consequently
PDH activity. The decrease in the ratio of active to total
PDH activity, which has been shown to reflect the state
of phosphorylation of the a-subunit of the enzyme (Mi-
trius et al., 1981; Morgan and Routtenberg, 1981), was
accompanied by a decrease of the same magnitude of the
in vitro phosphorylation of the a-subunit. Changes in
active PDH were in turn highly correlated with changes
in pyruvate-supported calcium transport (Baudry et al.,
1982a). This is consistent with the idea that the a-subunit
is more phosphorylated on the lesion than the control
side and that this is associated with a reduction in PDH
activity. In agreement with this idea is the fact that
inhibiting PDH dephosphorylation by fluoride mimicks
the effects of the lesion on the pyruvate-supported cal-
cium transport (compare Figs. 3 and 4A4). This last result
raises the possibility that the lesions decrease PDH phos-
phatase activity. In this regard it is noteworthy that
insulin decreases PDH phosphorylation (and thereby
increases PDH activity) by liberating a peptide inter-
mediary which stimulates PDH phosphatase (Seals and
Czech, 1980; Seals and Jarret, 1980). It is thus possible
that the changes seen after lesions are reflections of the
loss of a modulatory factor normally provided by the
intact afferents.

The slower occurring, general decrease in calcium
transport might be a result of a general alteration in
metabolism previously reported in various target zones
following denervation. For example, denervation or
disuse induces a decrease in the levels of several mito-
chondrial enzymes and of calcium transport in muscles
(Nemeth et al., 1981; Joffe et al., 1981). In the CNS,
lesions of the noradrenergic or dopaminergic neurons
similarly result in decreased oxidative metabolism in the
target zones of these neurons (La Manna et al., 1981;
Marshall et al., 1981). It is not clear whether these slower
occurring changes are consequences of the initial disturb-
ances in mitochondrial metabolism set up by the change
in PDH activity or whether they represent a totally
separate phenomenon.

The use of the calcium-sensitive electrode to study the
kinetics of calcium transport by mitochondria served to
define the potential consequences of denervation for
target dendrites. Mitochondria, in the presence of appro-
priate substrates, sequester calcium until free concentra-
tion of the cation reaches very low values, defined as a
set-point. At this concentration it is assumed that release
of calcium is equilibrated with uptake. Presumably, ATP
synthesis then takes place as long as calcium levels
remain at this low value. Under these conditions, the
mitochondria very rapidly accumulate any excess of free
calcium as demonstrated by applying successive pulses
of calcium. Increasing PDH activity by decreasing its
phosphorylation state not only increases the rate at
which calcium is transported but also decreases the value
of the set-point, whereas increasing PDH phosphoryla-
tion has the opposite effects. Lesions of the entorhinal
cortex result not only in an increase in the value of the
set-point to which mitochondria buffer calcium but also
in a marked increase in the rate of inactivation of the
pyruvate-supported transport following successive addi-
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tions of calcium. This effect could considerably amplify
the differences between the lesion and the control sides
(see Fig. 4A). It is thus possible that calcium levels
increase markedly in the cytoplasm of the deafferented
cells as a result of successive influxes of calcium. Indeed,
it has been reported that calcium levels are substantially
increased in the spinal cord following trauma (Happel et
al., 1981).

Elevations in internal calcium can be expected to ac-
tivate a variety of normally quiescent calcium-dependent
processes in the target cells. Neurons are known to con-
tain calcium-sensitive proteinases (Ishiura, 1981) which
are similar if not identical to those thought to initiate
degenerative changes in peripheral axons (Schlaepfer,
1979). We propose therefore that activation of such pro-
cesses in the denervated dendrites is responsible for the
initial atrophy which follows denervation. In this context,
it is of considerable interest that alterations in PDH
activity have been reported to occur in several degener-
ative diseases of the CNS. Decreases in PDH activity
have been found in muscle or in blood platelets in cases
of spinocerebellar degeneration (Kark and Rodriquez-
Budelli, 1979) and an increase in the state of phosphor-
ylation of PDH has been described in one instance of
encephalomyelopathy (DeVivo et al., 1979). More re-
cently it has been shown that Alzheimer’s disease is also
accompanied by a decrease in the levels of PDH activity.
Moreover, the severity of the disease was correlated with
the amplitude of the decrease in PDH activity (Perry et
al., 1980). In view of this evidence, we suggest that a
variety of degenerative diseases may be triggered by
disturbances in PDH activity (either in total enzyme
activity or in the phosphorylation state of its a-subunit)
followed by changes in the regulation of cytosolic free
calcium.

Finally, a similar change in the phosphorylation of a-
PDH has been found in another instance of synaptic
plasticity, namely, in the long-term potentiation of syn-
aptic transmission which follows brief bursts of high-
frequency stimulation delivered to various hippocampal
pathways (Browning et al., 1979). There are also some
indications that activation of calcium-dependent protein-
ases might be involved in the generation of permanent
alterations In neurotransmitter receptors which have
been hypothesized to be responsible for long-lasting in-
creases in synaptic efficacy (Baudry and Lynch, 1980;
Baudry et al., 1981). Thus, both long-term potentiation
and degeneration may result from the same processes
(i.e., alterations in PDH phosphorylation and activity,
elevation in cytosolic free calcium, and the activation of
calcium-dependent proteinases). In the first instance, the
elevation of calcium levels would be transient and the
activation of proteinases localized and reversible, result-
ing in local disturbances in membrane structures and
functions. In the case of denervation, the changes in
calcium levels would be more lasting, resulting in more
generalized changes such as dendritic atrophy and loss of
processes, followed later by reactive synaptogenesis
(Lynch and Baudry, 1983). Thus, varying degrees of
activation of the same enzymatic machinery could pro-
duce a continuum of effects from alterations in synaptic
efficiency to neuronal degeneration.
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