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Final Report: AFOSR-F4920-83-K-003S

Period: 8/1/83 - 6/30/85

THE EFFECTS OF HYDRAZINE AND RELATED COMPOUNDS ON
CALCIUM-CALMODULIN REGULATED SYNAPTIC PROCESSES

PROGRESS REPORT

A. Qbjectives

The overall objectives of this study were to determine the role of calcium and
calmodulin-stimulated protein phosphorylation in mediating neuronal excitability and plasticity
and how hydrazine may regulate these effects of calcium. Previous results from our
laboratory have suggested that this important phosphorylation system in brain may modulate
the effects of calcium and phenytoin on meurotransmitter release, and thus may play an
important role In the regulation of the seizure threshold. Thus, if hydrazine regulated this

lmportant enzyme or other calcium regulated processes, it would provide an important insight

Iato the blochemical effects of hydrazine on neuronal tissuve.
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To test our hypothesis, we studied calcium-dependent protein phosphorylation in several i\

K

In vitro and in vivo model systems that have been developed in this laboratory. We correlated N

the effects of calcium and hydrazine on protein phosphorylation with their effects on

neurotransmitter release and morphological changes in several preparations. .
3

X

",

t'é.

B. Research Progress During This Grant Period 3
;o

t

Research during this grant was directed at understanding the molecular action of :,:

'l

hydrazine and how it related to calcium-dependent protein phosphorylation and '.'_
neurotransmitter release in presynaptic nerve terminal and synaptic vesicle preparations. .,
e

Identification of a and b tubulin as major protein components of DPH-L and DPH-M was ‘.
l

3

accomplished and the correlation of tubulin phosphorylation with neurotransmitter release was :‘.
investigated. s
N

":

We accomplished the major goals of our initial project application. We were successful E::

in studying the role of calcium and calmodulin processes in mediating synaptic excitability. ‘..
e,

()

We also determined the effects of hydrazine on specific phosphorylation systems. We did not :.‘,
coanfirm previous studies from Bern’s group that hydrazines inhibited voltage dependent calcium o
uptake in intact nerve terminal preparations. These results provided a major insight into the ,
Y

effects of hydrazine on calcium regulated processes. The results from this research are :0‘,
1

i 1

summarized below. ‘.:",
D

1.  The Calmodulin Hypothesis of Neurotransmission >
..‘

&
Results obtained in this research effort over the last two years have provided significant .;:
4

evidence that calmodulin mediates some of calcium’s effects on synaptic function. The effects o

» ;‘-“\‘"»‘.‘mh?"‘ ’v"‘.“h"‘-'?'-'f‘ 'h ‘l...ln"lt'.'t W \‘ .l. » ' ~' - 'l-
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of caicium on synaptic protein phosphorylation, synaptic vesicle neurotransmitter release, and
vesicle-membrane interactions were shown to require the calcium binding protein, calmodulin.
The calmodulin hypothesis for meurotransmission developed from these studies states that as ‘Z
Ca2* eaters the presynaptic nerve terminal during depolarization, it binds to a high affinity

Ca2t receptor protein, calmodulin, and initiates several Ca2*-calmodulin dependent biochemical

processes that modulate synaptic activity. The anticonvulsants phenytoin, carbamazepine, and

v s e v W

the benzodiazepines have been shown to inhibit the target sites of several Ca2*-calmodulin

regulated synaptic processes.

RNt

-

To implicate calmodulin in synaptic function, it is necessary to demonstrate that

calmodulin is present at the synapse. A vesicle-bound heat stable protein was isolated from

highly enriched preparations of synaptic vesicles from rat cortex that had the same molecular )
weight as calmodulin in this project. This vesicle bound protein could be removed from the
vesicles in the presence of EGTA and was found to bind Ca2* at micromolar concentrations. 1
When compared to calmodulin isolated from whole rat brain, the vesicle-CaZ+ binding protein X
was found to be identical to calmodulin in molecular weight, amino acid composition, A
isoelectric point, and in its ability to stimulate vesicle protein kinase, adenylate cyclase and .
phosphodiesterase activity. Vesicle calmodulin represented 0.92% of the total protein in \

synaptic vesicle fraction. ;

A heat-stable, Caz*-binding protein, was also isolated from nerve terminal synaptoplasm
prepared by standard procedures. This synaptic protein was found to be identical to whole .
brain calmodulin in molecular weight, isoelectric point, amino acid composition and ability to
activate adenylate cyclase and phosphodiesterase. Synaptic CaM comprised 0.71% of the total

protein in the synaptoplasm preparation. Because the concentration of CaM in whole brain -

fractions is approximately 1% of the total brain protein, the high percentage of CaM in by

-

0 - [ " - -
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synaptoplasm and synaptic vesicle fractions strongly indicates the presence of this Calt_
receptor protein in the presynaptic nerve terminal. Calmodulin was Isolated and characterized
from postsynaptic density preparations. The ability to isolate CaM from highly enriched
preparations of pre- and postsynaptic fractions strongly indicates that CaM is a trans-synaptic
protein. Therefore, CaM is very well suited to mediate the effects of CaZ* on both the pre-

and postsynaptic sides of the synapse. )

2. Calmodulin and Ca?*-Dependent Neurotransmitter Release

Since the evidence indicates that CaM is present at the synapse, this Caz*-receptor
protein is a possible presynaptic protein for modulating the effects of CaZ* on
meurotransmitter release and turnover. As Ca2* enters the presynaptic ending, it can bind to
this high-affinity receptor and initiate several biochemical processes involved in synaptic
function. Initial evidence for a role of calmodulin involvement in neurotransmitter release was f

developed employing preparations of intact synaptosomes and isolated synaptic vesicles.
a. Synaptic Vesicle Studies

A more physiological procedure for isolating synaptic vesicles has been developed in this
research effort. Vesicles from this isolation procedure were shown to be much hore
responsive to Ca2* than vesicles prepared under the standard hypotonic isolation methods.
Ca2* in the presence of ATP and Mg2* simultaneously initiated the release of vesicle ;
uneurotransmitter substances vesicle protein phosphorylation, and vesicle and membrane :“
interactions. The Ca2* responsive synaptic vesicle preparation was then studied to determine '

if calmodulin mediated the effects of Ca2+ on vesicle neurotransmitter release.

WY -

» ) O XU N R R )
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‘ The vesicles prepared under more physiological procedures that simulated the intracellular ‘
environment also contained calmodulin. The calmodulin In the vesicle preparation was tightly S
bound to the vesicle surface and could be selectively removed by washing the vesicles with :,
the Ca2* chelating agent, EGTA. Thus, it was possible to obtain preparations of calmodulin '
containing (plain vesicles) and calmodulin depleted (treated vesicles) vesicles. The calmodulin n:
depleted vesicle fractions were then studies for neurotransmitter release (Table 1). )
+
Cal* in the presence of calmodulin stimulates the release of norepinephrine and )
acetylcholine from calmodulin depleted vesicles ( Table 1). Ca2* or calmodulin alone, however, ]
had no significant effect on neurotransmitter release ( Table 1). Trifluoperazine, a :
phenothiazine that inactivates calmodulin, also-ihhibited Ca2*-calmodulin stimulated vesicle ::
neurotransmitter release (Table 1). The calmodulin kinase inhibitors, phenytoin and diazepam, N
were found to inhibit Ca2*-calmodulin stimulated vesicle neurotransmitter release (Table 1). ‘
The Ca2*-calmodulin stimulation of release was also shown to be dependent on Mgz" and ATP :
and vesicles prepared under hypotonic conditions did not show significant Ca2*-calmodulin r-
stimulated release of neurotransmitter substances. 0
b. Intact Synaptosome Studies i
Although vesicle preparations offer several advamtages for studying the effects of Ca2+ E:
on vesicular transmitter release, it is important to correlate the results from the isolated :
vesicle fractions with data obtained from neurotransmitter release studies of intact nerve '
terminal preparations. Isolated intact nerve terminals (synaptosomes) are excellent :
preparations for studying the effects of Ca2* and membrane depolarization on neurotransmitter
release. o
N
"
-
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In this study we have employed the intact synaptosome system to study the role of CaM
in neurotransmitter release as summarized in Table 2. The disadvantage of the synaptosome
system for studying the effects of CaM on meurotransmitter release is that is not yet possible
to remove CaM from the synaptosome without destroying the viability of the preparation.
However, various pharmacological inhibitors of CaM (e.g., trifluoperazine) and Cal*-CaM
protein kinase activity (e.g., phenytoin and diazepam), which inhibit Ca2*-CaM release in
vesicle preparations, have been used to probe the possible involvement of CaM in

neurotransmitter release from intact nerve terminals.

Conditions that induce CaZ* entry by the depolarization of the synaptosome membrane
(e.g., high K+ or veratridine or by producing Ca2* channels (e.g., Ca2t ionophore A23187)
caused significant synaptosomal release of norepinephrine and acetylcholine (Table 2). This
increased release of neurotransmitter substances produced by both elevated K+ and A23187 was
significantly inhibited by trifluoperazine (Table 2). these results suggest that inhibition of
CaM by trifluoperazine blocks the release process. However, it is not possible from these
experiments to determine if trifluoperazine is inhibiting release by blocking Cal+ uptake or by

inhibiting a specific Caz"'-reguhted process within the nerve terminal.

To test these possibilities, the effects of trifluoperazine on Cal¢ uptake (Table 2) was
investigated. Trifluoperazine inhibits the depolarization-dependent untake of Ca?* into intact
synaptosomes induced by both elevated K+ and veratridine. However, the Calt uptake
produced by A23187 was not inhibited by trifluoperazine. This data iandicated that
trifluoperazine inhibits release in two ways: (1) by inhibiting depolarization-dependent Cal+

uptake, and (2) by blocking a Caz*-regula(ed process that modulates release even when Ca2t s

entering the nerve terminal in the presence of A23187.

P A =y
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The anticonvulsant, phenytoin, and the benzodiazepine, diazepam, also blocked
morepinephrine and acetylcholine release from intact synaptosomes produced by A23187 under
conditions where they do not block Ca2t uptake, (Table 2). These inhibitors of CaM kinase
activity also blocked the Caz"-CaM-dependent release of neurotransmitter substances from
isolated vesicles, further suggesting that CaM is involved in neurotransmission. Studies from
both isolated vesicles and intact synaptosome preparations indicaté that CaM may act as a

Cal+ receptor mediating some of the effects of Ca2* on neurotransmission.

To study the effects of hydrazine on calcium uptake into nerve terminals, intact nerve
terminal preparations (synaptosomes) were prepared and employed in this study. Previous
reports by Bern’s group indicated that hydrazine blocked voltage dependent calcium uptake.
Over twenty experiments were conducted with intact synaptosomes employing Ca?5. The
synaptosomes were depolarized with elevated potassium. Under these conditions, depolarization

caused significant uptake of Ca4s (Table 2).

In the presence of hydrazine, we studied Ca4s uptake. Hydrazine in concentrations from
10-1 t0 102 had no significant effect on calcium uptake (Table 2). Some inhibition
“‘modification was seen at the higher concentrations, but it was not reproducible. Thus, it was
our conclusion from these results, that hydrazine did not significantly alter calcium fluxes in
synaptosome preparations. However, further experimentation with other neuronal systems

should be completed before any firm conclusions are drawn.
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4. i 1 1] retion

The evidence presented previously suggest that CaZ*-CaM regulated synaptic biochemical
processes may regulate the effect of Cal* on synaptic activity. Therefore, it is important to
determine which CaM-regulated enzyme systems are Involved Iin specific aspects of synaptic
function. Evidence from several Iaboratories has suggested that Ca2*-calmodulin regulated
protein phosphorylation may play a role in regulating the release of neurotransmitter
substances. Studies from Puszkin’s laboratory have indicated that Ca2*.calmodulin may
regulate vesicle membrane interactions through alteration of membrane lipid environments.
Although the precise biochemical mechanisms mediating the effects of Ca2* on release are not

known, research is now being focused on several promising areas.

5. Ca?*-Stimulated Protein Phosphorviation

Calcium-stimulated protein phosphorylation in brain was initially described in whole brain
homogenates and highly enriched preparations of synaptosomes. These results demonstrated
that Ca2*-stimulated the endogenous phosphorylation of many brain proteins, but particularly
proteins in the 10,000-20,000, 50,000-45,000, 60,000-64,000, and 150,000-300,000 molecular
weight ranges. Two protein bands with molecular weights of 52,000-54,000 and 60,000-64,000
(proteins DPH-M and DPH-L, respectively) were of particular interest because they were most
dramatically stimulated by Ca2* and inhibited by phenytoin, an anticonvulsant that blocks
several Caz*-dependen( processes, including neurotransmitter release. The phosphorylation of
synaptosomal proteins DPH-L and DPH-M was also enriched in synaptic vesicle fractions
prepared from intact synaptosomes. These results demonstrated that the Ca2*_stimulated
phosphorylation observed in synaptosome fractions was occurring within the synaptosomes and

st in some other membrane contaminations in the preparation.
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Ag hypothesis was developed from these findings, suggesting that an"-dependent protein
phosphorylation (a new phosphorylation system distinct from cyclic AMP kinases) may regulate
the effects of Ca2* on synaptic function and neurotransmitter release. The Ca2*-dependent
pattern of endogenous protein phosphorylation has beea observed by other researchers in
several isolated brain fractions and in preparations of other tissues such as the adrenal 1

medulla and the electric organ of Torpedo.

Depolarization-dependent Ca2+ uptake in intact synaptosomes was shown to stimulate the
phosphorylation of an 80,000-dalton protein (protein I) in intact synaptosomes. The levels of '
phosphorylation of proteins with identical molecular weights to proteins DPH-L and DPH-M
seen in isolated synaptosomes were shown to be stimulated in intact synaptosomes by > :
depolarizing conditions that stimulated Cal+ entry and simultaneously initiated neurotransmitter
release from intact synaptosomes. The phosphorylation of these proteins in intact preparations
was also shown to be occurring in the synaptic vesicle, synaptic membrane, and postsynaptic
density preparations from these intact fractions. These results provided the first evidence |
that the depolarization-dependent phosphorylation of specific proteins in intact synaptosome
preparations was actually occurring within the synaptosomes and not associated with other
contaminants in the synaptosome preparations. The level of phosphorylation of MW 50,000~

60,000 proteins also correlate with norepinephrine release in intact adrenal medulla cells.
6. Eff r n Protein Phosphorylation 3

Since hydrazine did not effect voltage gated calcium-uptake in intact nerve terminal
preparations, we directed our efforts at studying other calcium-regulated processes that might
be effected by hydrazine. Initially in this grant period, we studied the effects of hydrazine P

on rat brain protein phosphorylation. The results of these experiments are provided below.
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The effects of hydrazine was simllar to trifluoperizine or dilantin in its ability to inhibit

protein phosphorylation.

7.  Effect of Hvdrazine on the Endogenous Phosphoryiation of Rat Brain Proteins

When homogenate preparatious were incubated under standard assay conditions in the
presence and absence of hydrazine (HDZ) and subjected to acrylamide gel electrophoresis and
autoradiography, it was found that HDZ significantly reduced the net level of phosphorylation
of two specific bands on the autoradiograph (Fig. 1). The radioactive bands affected by DPH
were demonstrated to be associated with (321’) phosphoprotein by the following methodology.
Treatment of phosphorylated brain protein with protease completely abolished both the protein
staining pattern and the associated radioactivity seen on the autoradiograph of the DPH-
affected bands. Conversely, treatment with ribonuclease A had no effect on the protein
staining pattern, the autoradiograph, or the effect of HDZ. Triple lipid extraction with
ethanol-ether (3:1) of the labelled homogenate protein and hydrolysis of DNA by boiling
acidified (10%TCA) labelled homogenate, had no significant effect on the protein staining
pattern, the radioactivity of the bands or the effect of HDZ. The resuits of these
experiments indicate that both of the HDZ specific radioactive bands were associated with
protein. These bands are clearly designated in Fig. 1. The percent inhibition by HDZ under
standard conditions of the endogenous phosphorylation of protein DPMN-L was consistently
greater than that of protein DPH-M. The terms endogenous phosphorylation and
dephosphorylation are employed to indicate the increase or decrease in (32P) phosphate
content of individual protein bands, and not to describe the activity of protein kinase or
protein phosphatase. The net level of (321’) phosphate incorporated into each protein

represents a balance between protein kinase and protein phosphatase activity.
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Protelns DPH-L and DPH-M were the only two proteins with phosphorylation consistently
affected by HDZ under standard reaction conditions. However, increasing the HDZ

concentration produced inhibition of other phosphoproteins. Results qualitatively similar to

those shown in Fig. 1 were observed in 30 experiments with rat brain homogenates. The ?“‘
pattern of endogenous phosphorylation and the effect of HDZ were the same when either male ?
or female rats were employed as the source of brain protein. Freezing of the homogenate :
preparations at -20°C for less than one week caused approximately a 10 per cent reduction in

phosphorylation of proteins DPH-L and DPH-M. Protein DPH-L seemed more sensitive to s
storage at -20°C. Prolonged storage for more than two weeks caused a substantial decrease a;

in the effect of HDZ on the phosphorylation of these proteins. Some variation was observed

in the percent decrease in phosphorylation of proteins DPH-L and DPH-M in different

&

homogenate preparations, but the effect of HDZ was always consistently observed.

WS

8. ff Varyin n i PH

The effects of varying the concentration of hydrazine on the endogenous phosphorylation
of proteins DPH-L and DPH-M is shown in Fig. 2. The concentration of HDZ required to
produce a half-maximal decrease in the level of phosphorylation of proteins DPH-L and DPH-M 5'_

were estimated from the curves in fig. 2 to be 4x10~3M and 6x10‘3, respectively. The

\

phosphorylation of both proteins could be*almost completely inhibited in the presence of

concentrations of HDZ greater 1x10-2M. The minimum HDZ concentration for decreasing the

e e W Y )

level of phosphorylation of proteins DPH-L and DPH-M greater than 80 per cent were f

8x10-3M and 1x10-2 respectively.

Effect of varying the concentration of ATP. The effects of HDZ on the amount of (32P)

phosphate incorporated into proteins DPH-L and DPH-M were independent of ATP

.
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concentration over the range from 0.11 aM to S0uM (Fig. 3). These results demonstrate that
the net decrease in phosphorylation of these two proteins was not due to a competition

between HDZ and ATP. The results further suggest that the effect of HDZ on the endogenous
phosphorylation of these two proteins Is not attributable to an indirect action of HDZ, causing

a decrease in the concentration of ATP.

Hydrazine decreased both the initial rate and net level of phosphorylation of proteins
DPH-L and DPH-M under standard reaction conditions (Fig. 4). The maximal levels of
phosphoryfation of proteins DPH-L and DPH-M were reached in 60 and 40 seconds,
respectively. The level of phosphorylation of both proteins decreased very gradually after
reaching maximal levels. Figure 4 also demonstrates the effect of toxic levels of HDZ on the
time course of phosphorylation of proteins DPH-L and DPH-M. Both the initial rates and net

levels of phosphorylation were significantly reduced at this higher concentration (lxlO'zM).

10. ff Icium nesium on rylation of P in -L an

In the ab¢énce of both magnesium and calcium there was no significant incorporation of
(32P) phosphate into proteins DPH-L and DPH-M. In the presence of magnesium alone,
protein DPH-M was phosphorylated to near maximal levels, while protein DPH-L was only
phosphorylated approximately 50 per cent of standard conditions. When EGTA (2mM) was

employed to chelate any endogenous calcium in the homogenate preparation, magnesium alone

was not sufficient to support the phosphorylation of proteins DPH-L and DPH-M. Both

calcium and magnesium were required to maximally incorporate (321’) phosphate into proteins

) . v L] P XPRP A P PR oY o ™ x| a" al ! 2% N N
A Uk 'n.l‘.‘l‘. \.u‘..| ..n'l.. l...l.- W 1% .u .‘(‘.‘i .\ ‘\‘a ' \.‘l v ‘A, l.u Y, .QI WWhY, \ b ‘. 1L%0, -\‘" U M X ) WHERTRY el L) ._ N



DelLorenzo, R.J.
Page 14

DPH-L and DPH-M. HDZ had no effect on the phosphorylation of proteins DPH-L and DPH-M

in the absence of calcium lons. The effect of HDZ on the phosphorylation of these proteins

was dependent upon the presence of calcium lons (see Table 2).

11. Antagonistic Actions of Hvdrazine and Calcium

To further correlate the action of HDZ on protein phosphorylation with its effects on
peuronal tissue, the relationship of calcium concentration to the HDZ induced changes in
protein phosphorylation was studied in rat brain homogenates. The opposing actions of HDZ
and calcium on the level of (321’) phosphate incorporation into specific brain proteins has been
demonstrated in this laboratory, by employing the techniques of acrylamide ge electrophoresis

and autoradiography.

The effects of HDZ in the presence and absence of calcium on the pattern of endogenous
phosphorylation of proteins in homogenates of rat cerebrum are shown in Fig. 5. When
homogenate-(EGTA preparations were incubated under standard conditions in the presence and
absence of HDZ, it was observed that HDZ significantly reduced the net level of
phosphorylation of two specific bands on the autoradiograph in the presence of calcium ions
(10mM). DPH had no apparent effect on the endogenous phosphorylation of brain proteins in

the absence of calcium. The two bands affected by HDZ have been shown to be

Pt W -

phosphoprotein In nature.

o

The effect of calcium on the pattern of endogenous phosphorylation of proteins from rat 3

brain homogenates is also shown quantitatively in Fig. 5. In the presence of calcium ions, the v
incorporation of (321’) phosphate into proteins DPH-L and DPH-M was markedly stimulated. It

can be clearly seen from Fig. § that in the absence of calcium the endogenous phosphorylation
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of proteins DPH-L and DPH-M was almost completely reduced to zero. Calclum also
stimulated the phosphorylation of other protelns, but the most dramatic effect of calclum was

observed ia the DPH-specific proteins. These effects of calcium onm protein phosphorylation

were observed over a side range of ATP concentrations, and thus also were independent of

ATP concentration.

12. Calmodulin Mediation of the Effects of Ca2+ on Protein Kinase Activation

Ca2*_stimulated endogenous membrane protein phosphorylation was shown to be dependent
on CaM in crude preparations of brain membrane and in several other tissues. Calmodulin was .=
subsequently demonstrated to mediate the effect of CaZ* on the phosphorylation of specific
synaptic vesicle proteins. Calmodulin was also shown to modulate the effects of Ca* on the
endogenous phosphorylation of highly enriched synaptic membrane, synaptic junctional complex,
and postsynaptic density preparations. Furthermore, depolarization-dependent Calt uptake by t
intact synaptosomes was shown to simultaneously stimulate the release .f neurotransmitter
substances and the phosphorylation of specific (especially proteins DPH-L and DPH-M) synaptic
vesicle, synaptic membrane, synaptic Junctional and postsynaptic density proteins isolated from

the intact synaptosomes following depolarization-dependent Cal+ uptake.

13. Summary

In summary, evidence from this research has confirmed with both intact and broken ‘
synaptosome fractions the initial observations in isolated synaptosome fractions that Calt
stimulates the phosphorylation of synaptic proteins. Phosphorylation of DPH-L and DPH-M

and possibly other MW 50,000-60,000 proteins appears to be consistently observed and
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correlates with acurotransmitter release; however, protein I, low-molecular-weight proteins,

and several high-molecular-weight proteins have also been described as serving as endogenous !
substrates for endogenous the Ca2*-CaM kinase activity. Hydrazines effect the calcium :
stimulated phosphorylation of proteins DPH-L and DPH-M. Preliminary results at the end of

this grant period indicated that the effects of toxic concentrations of hydrazine inhibit :

‘,
calmodulin dependent protein phosphorylation. :
(]
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Table 1. Rffects of Calmodulin and Ca2 -Calmodulin Kinase Inhibitors on Ca2+-Ca1modu11n

Stimulated Protein Phosphorylation and Neurotransmitter Release in Isolated !

Synaptic Vesicles

Neurotransmitter Release (%) Protein DPH-M !
Condition :
Acetylcholine Norepinephrine Phosphorylation (%)
]
Control 34 38 21 :
+
Ca2 41 44 25 .
Calmodulin 36 39 22 K
2+ . %
Ca + Calmodulin 100 100 100 A
. .
Ca2 + Calmodulin
+ Trifluoperazine 62 o 68 5 :
+ Phenytoin 69 72 49
+ Diazepam 61 73 47

Calmodulin depleted synaptic vesicles were isolated and studied for neurotransmitter release \
and protein DPH-M phosphorylation as described previously (DeLorenzo, et al. 1979). The

data give the means of 10 determinations and are expressed as percent of the maximally !
stimulated condition (100%). The largest t S.E.M. was 5.7. The effects of trifluoperazine
(15 uM), phenytoin (80 uM), and diazepam (75 uM) were found to be statistically significant

in cowparison to maximally stimulated values. P < 0.001.

P
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Table 2. Effects of calmodulin and Ca“ -calmodulin kinase inhibitors on Caz‘ uptake,

neurotransmitter release and protein phosphorylation in intact nerve

terminal preparations®

Protein phosphorylation,

Neurotransmitter release,%

24
Ca Whole Synaptic
Conditon Uptake,§ Acetylcholine Norepinephrine synaptosomes vesicles

Control - 45 52 S8 39

2+
Ca 40 51 56 61 44

2+
Ca , K 100 100 . 100 100 100

+
Ca2 r K

+ trifluoperazine 61 63 68 69 61

+ phenytoin 65 - 68 70 68 67

+ diazepam 66 64 59 72 67

+
Ca2 . A23187 95 94 98 91 96
ca?*, a23187

+ trifluoperazine 68 69 73 72 76

4+ phenytoin 73 74 76 73 70

+ diazepam 77 78 75 75 72

+ hydrazine 98 73 72 80 75

* Intack synaptosomes were incubated under various conditions after preincubation with 32?

followed by quantitation of Caz*.uptake, neurotransmitter release and protein DPH-M
phosphorylation as described (Delorenzo, 198la, 1982). Concentrations of trifluoperazine,
phenytoin, and diazepam were 15, 80 and 20 uM, respectively. The data give the means of
eight determinations and are expressed as percentage of the maximally stimulated condition
(1008). The largest iSEM was 6.3. The effects of changes produced by all three drugs in

comparison to the maximally stimulated condition were statistically significant. P < 0.001.
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Table 4

" Effect of Calcium and Magnesium on
the Phosphorylation of Proteins DPH-L and DPH-M"

Protein DPH-L Protein DPH-M

Preparation Additions - HDZ + HDZ - HDZ + HDZ

Hoxzogenate

11
MgCl,

2 0

Hoxogenate none
4+ ECTA
(2 wm) MgCl,

Cu«Cl
2

chlz-!(:a(:lz

#Reactions were conducted under standard conditions ‘except for the variation of
metal ions (iigCl,, 10 wM and CeCl_, 10 mM) and homogenate preparations as indicated.
Each value repreZents the mean frlm 4 experiments. The.largest range about the
mesn was + 4 arbitrary units and thus the ranges were cmitted for clarity.

+ub1tnry units of [321’] phosphate incorporation.
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Figure 1 N

Effect of HDZ on the endogenous phospho v;ation of rat brain homogenates, The h
reactions were {nitiated by the addition of [ - 2P] ATP and conggcted under standard ’
conditions for 20 seconds, The congentration of HDZ was 5 x 10 M. The autoradiograph s
demonstrates the incorporation of [ 2lz]phosphate into specific bands in the dried
acrylamide gel, HDZ-specific proteins, DPH-L and DPH-M, are labelled for clarity with
arrows, The autoradiograph was scanned with a microdensitometer and the density of
each band in the presence and absence of HDZ 1s plotted as a function of distance from
the origin and expressed {n arbitrary units. The resultant desitogram demonstrates
the quantitative effect of HDZ on proteins DPH-L and DPH-M, The molecular weight scale

was estimated with known molecular weight markers (See later: Materials and Methods). :
The results of the experiment illustrated are representative of 15 individual experi- ‘
ments,

Figure 1 on Next Page .
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Figure 2

Bffect of HDZ concentration on the level of

(A) and DPH-M (B).

variations in DPH concentration,
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phosphorylation of proteins DPH-L
Reactions vere performed under standard conditions except for the
The data give the mean values and ranges for 6

experiments,

A. PROTEIN DPH-L B. PROTEIN DPH-M
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Figure 3

Effect of ATP concentration on the phosphorylation of proteins DPH-& (A) and
DPH-M (B) in the absence ( 0—o, —) or presence ( o—o, ) of 5 x 10 °M HDZ,
Reactions were conducted under standard conditions except for the variation of ATP
concentrations, Data give the mean values and ranges for 4 experiments,

A. PROTEIN DPH-L B. PROTEIN DPH-M
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Figure &4 \

. Time course of 32? phosphate incorporation into proteins DPH-L (A) and DPH-M a

(B) in the presence and absence of HDZ., Reactfons were conducted under standard
conditions except for the variations in incubation times and with the following addi- ,
tions: HDZ, §x 10" ( o—o,—); HDZ, 1 x 102M (=——, —); and no additions J
( o—0, =), Data give the mean values and ranges for 6 experiments, ' )
§
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Figure 5

Quantitation of the effects of H)Z and/or calcium on the endogenous phosphoryla-
tion of rat brain homogenates. The dried gel used to produce the autoradiographs was
cut into 2-mm pieces starting from the origin, The radioactivity in each piece of gel
was determined by 1iquid scintillation counting, and the ccunts per minute (cpm) for
each piece of gel was plotted as a function of distance from the origin, The points
vere connected in a smooth curve for clarity, The effect of HDZ (4x10° ?H) in the pre-
sence of 10 mM calcium chloride (A) and the effect of 10 mM calcium chloride (B) on
the pattern of endogenous phosphorylation of specific bands are presented. The peaks
corresponding to proteins DPH-L and DPH-M are marked for clarity,

800
700
600

- 4Celcivm

800 F —  —Calcium

D wtvm

Teseowceone

(32p] Pnosohete Incors. Inte Brain Proteln (cpm)

0 1 | S | 1 1 1 1 1 1 ||
2 3 4 L 6 7 8 9 10

DISTANCE FROM ORIGIN (cm)




IR TR A NV I TR Y AN NS LW ER TR NN Yy Bia 8. 8t b, KV, B'g B, 470 gV, 9% Do g3 pt o gd. Ak At g4, 4l \l - ‘pe b

b Delorenzo, R. J.
Page 27

3
v e

PUBLICATIONS

DelLorenzo, R.J. and Taft, W.C. Anticonvulsant
receptors: regulation of depolarizatjion-induced
calcium uptake. Proc. Epjlepsy International '

Symposium 15: 1994, 1983. .

Goldenring, J.R., Gonzalez, B., McGuire, J.S. and
Delorenzo, R.J. Purification and characterization of
a calmodulin~dependent kinase from rat brain cytosol
able to phosphorylate tubulin and microtubule- \
associated proteins. J. Bjol. Chem. 1258: by
12632-12640, 1983. :

Delorenzo, R.J., Goldenring, J.R., and Gonzalez, B.
The 55,000 dalton calmodulin-binding subunit of )
tubulin kinase in brain. Irans. Am. Boc. Neurochem. |
14: 186, 1983. )

Taft, W.C. and DeLorenzo, R.J. Benzodiazepine
inhibition of depolarization-induced synaptosomal _ \
calcium uptake. Irans. Am., Soc. Neurochem. 14: 195, X
1983.

Delorenzo, R.J. Calcium-calmodulin in protein

phosphorylation in neuronal excitability and

anticonvulsant drug action. In Delgado-Escueta, A.V.,

Wasterlain, C.G. Trieman, D.M. and Porter, R.J.

(eds). Status Epilepticus: (Serjes) Advances in '
Neurology, Vol. 34, New York, Raven Press, pp.
325-338, 1981. ’

Billingsley, M.L., Velletri, P.A., Roth, R.M., and

Delorenzo, R.J. Carboxyl methylation of calmodulin

inhibits calmodulin dependent phosphorylation in rat

brain membranes and cytosol. J, Biol. Chem, 258:

5352-5357, 1983. -

DelLorenzo, R.J. Calcium-calmodulin systems in psycho-
pharmacology and synaptic modulation. Psychopharm,
, 19: 393-397, 1983.

Goldenring, J.R., McGuire, J.S., and Delorenzo, R.J.
Identification of the major postsynaptic density
protein as homologous with the major calmodulin-
binding subunit of a calmodulin-~dependent kinase. J,

Beurochem, 42: 1077-1084, 1984.

Goldenring, J.R., Otis, L.C., Yu, R.K., and Deloren-
zo, R.J. Gangliosides inhibit myelin basic protein

phosphorylation in rat brain. Trans. Am. Soc,
Neurochem, 14: 242, 1984.

ottt Y G AN, A Gy (TS T TN I T S ¢ AR TS



e e R T T T N N O R N T PO T W VT

; ¢’ DelLorenzo, R.J.
. Page 28 .

el

A A

} A
| "
) Taft, W.C. and DelLorenzo, R.J. Micromolar q
benzodiazepine receptors regulate voltage-sensitive
calcium channels in nerve terminal preparations. 3
Proc. Natl. Acad. Sci. USA 81: 3118-3122, 1984. p

DeLorenzo, R.J. and Taft, W.C. Anticonvulsant
Receptors: Regulation of depolarization-induced '

calcium uptake. 1In Advances in Epileptology, R.J. N

Porter (ed.), Raven Press, New York, pp. 37-42, 1984. i’

. 3
Delorenzo, R.J. and Goldenring, J.R.-Calwodulin in ,5
the nervous system. In Brain Receptor Mechanisms, e
P.J. Marangos, I. Campbell and R.M. Cohen (eds), i,
vol. 1, Academic Press, pp. 191-207, 1984. N
DeLorenzo, R.J. Calmodulin systems in neuronal By
excitability: a wmolecular approach to epilepsy. \

Annals Neurol., 16: S104-114, 1984.

Yu, R.K., Goldenring, J.R. and Delorenzo, R.J.,
Effects of gangliosides on rat brain mewbrane protein
phosphorylation. INSERM 126: 335-354, 1984.

Goldenring, J.R., Casanova, J.E. and Delorenzo, R.J.
Tubulin associated calmodulin-dependent kinase:

evidence for an endogenous complex of tubulin with a \
ca2t-calmodulin-dependent kinase. J. Neurochem, 43: 5
1669-1679, 1984. " .

Larson, R.E., Goldenring, J.R., Vallano, M.L. and
DeLorenzo, R.J. Identification of endogenous

calmodulin-dependent kinase and calmodulin binding .
proteins in cold-stable microtubule preparations from "
rat brain. J. Neurochem, 44: 1566-1574, 1985. 5;
i
chin, J.H., and Mashman, W.E., and Delorenzo, R.J. f,
Novel adenosine receptors in rat hippocampus: by
jdentification and characterizationt, Life Sci, 36:
1751-1760, 1985. N
S

Goldenring, J.R., Otis, L.C., Yu, R.K. and DeLorenzo, ;

R.J. calcium/ganglioside-dependent protein kinase Ry
activity in rat brain membranes. J, Neurochem, 44: k
1229-1234, 1985. A
. » X
Goldenring, J.R., Vallano, M.L., and Delorenzo, R.J. :
Phosphorylation of microtubule-associated protein 2
at distinct sites by calmodulin-dependent and -
cyclic-AMP-dependent kinases. J, Neurochem. 45: o

900-905‘ 1985. ‘

SOUE M ) OO ALCTRIC £y R e . . - . '
BEOOOOAON O MO WA AT AN o c.- 0'0.!' “'5‘“" 1 DR A ALY AN N R l';" .'.\." el e -"F. AL ;
v B v el v . id . A ! 5 y . ! - -




lelorenzo, R.J.
Page 29

Billingsley, M.L., Velletri, P.A., Lovenburg, W.,
Kugg, D., Goldenring, J.R., and DeLorenzo, R.J. 1Is
Ca“"-calmodulin-dependent protein phosphorylation in
rat brain modulated by carboxymethylation. g,

Neurochem, 44: 1442-1450, 198S.

Johansen, J., Taft, W.C., Yang, J., Kleinhaus, A.L.
and DelLorenzo, R.J. Inhibition of calcium conductance
in identified leech neurons by benzodiazepines.

Bxoc, Natl, Acad, Sci. USA 82: 3935-3939, 1985.

Vallano, M.L., Goldenring, J.R., Buckholz, ™.M.,
Larson, R.E., and Delorenzo, R.J. Separation of
endogenous calmodulin- and cAMP-dependent kinases

from microtubule preparations. Proc. Natl, Acad. Sci.
USA 82: 3202-3206, 1985.

Chin, J.H. and DeLorenzo, R.J. Cobalt ion enhancement
of 2-chloro[3H}adenosine binding to a novel class of
adenosine receptors in brain: antagonism by calcium.

Braip Res. 384: 381-386¢, 1985.

Vallano, M.L., Buckholz, T.M. and DelLorenzo, R.J.
Phosphorylation of neurofilament proteins by
endogenous calcium/calmodul in-dependent protein

kinase. Biochem. Biophys. Res, Commun. 130: 957-963,
1985.

vallano, M.L., Goldenring, J.R., Lasher, R.S. and
Delorenzo, R.J. Calcium/calmodulin-dependent kinase
\ii and cytoskeletal function. In Mjicrotubules and
Microtubule Inhjbitors, M. DeBrabander and J. DeMey

(eds.) Elsevier Science Publishers, Amersterdam, pp.
161-169, 1985,

vallano, M.L., Goldenring, J.R., and Delorenzo, R.J.
calcium and calmodulin-dependent protein kinase: Role
in memory. In Neliral Mechanisms of Condjitioning, D.
Alkon and C.D. Woody (eds.), Plenum Publishing Corp.,
pp. 383-396, 1985.

Delorenzo, R.J. and Dashefsky, L.H., Anticonvul-
sants: in Hapdbook of Neurochemistry, Abel Lajtha

(ed), Vol. 9, Plenum Press, New York and London,
363-403, 1985.

........
.....

.........
.....



