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INTRODUCTION

Tetanus toxin, the enterotoxin produced by the bacterium Clostridiumn tetani, is one of the
most potent neurotoxing known (minimal lethal dose of toxin in mice, 2 ng/kg body weight). This
toxin shares many common properties with botulinum toxin, a group of neurotoxic substances
also produced by Clostridial bacteria. These toxins have a cornmon bacterial origin, similer
molecular structures, and mest likely the same mechanism of toxic action at the subcellular level
(for recent reviews see Simpson, 1930, Habermann and Dreyer, 1986). The most striking feature
in the action of these toxins, beside their potency, is that their site of action is the presynaptic
nerve izrminal where they inhibit neurosecretion without causing cell death. Thus studies on the
mechanism of action of the Clostridial neurotoxins should not only provide methods to prevent
or reverse the toxic sequelae of these lethal bacterial infections but will also provide valuable
insight into the molecular events that underiie the neurosecration process.

It has been recognized for some time that the effects of tetanus toxin are specific for
neural tissues, which is due, in pan, to the specific recognition of neural tissues by the toxin.
Evidence gathered by the principal investigator and others supported the notion that the specific
high affinity receptors for tetanus toxin were polysialo-ganguosides (Rogers and Snyder, 1981;
Walton et al1988; Staub ef al1386). However, there has also been evidence to suggest that
protein plays some role in the high affinity binding site (Pierce et al1986; Critchley et a/19€8).
Thus the precise nature of the tetanus toxin receptor remains to be characterized and more work
is needed to assess the physiclogical importance of gangliosides as binding molecules.

It is now clear that the initial binding step of the Clostridial toxins is nontoxic. In fact
tetanus is like several otner microbial toxins that participate in a complex mutti-step intoxication

pathway (Middlebrook and Dorland, 1984). Various steps in the pathway have been studied in




neural tissues. (Schmitt et a/1981; Bergey et al1983; Collingridge et al1980). Recently, the
principal investigator, utilizing an established preparation of tetanus toxin-sensitive PC12 cells,
clearly identified arapid, temperature-de,. .ndentinternalization step following toxin binding to the
surface (Sandberg et a/.1989). Further, there was a clear lag phase which followed internalization,
revealing that other intracellular events, such as precessing of the toxin and expression of some
enzymatic activity, are obligatory events in the pathway (Sandberg et al1989). At present there
is no information on the toxin processing events, the compartments in which they occur, or‘ on
the enzymatic activity or substrates of tetanus toxin. The PC12 cell system developed by the
Principal Investigator represents an ideal system in which to address these important issues.

An emphasis of recent research has been to identify the putative enzymatic activity of the
Clostridial neurotoxins. By analogy with other toxins, such as diphtheria and cholera, a number
of investigations have focused on a potential ADP-ribosyftransferase activity for tetanus and
botulinum. Although certain forms of botulinum toxin (C1 and D) can ADP-ribosylate a low
molecular weight protein in adrenal medulia, there is evidence that this reaction is not related to
iniibition of neurosecretion (Adam-Vizi et a/1989). In the case of tetanus toxin, there is no
evidence for ADP-ribosylftransferase or any other enzymatic activity for that matter (Simpson,
1986). The lack of information on the precise target or substrate for these tbxins has made
progress difficult in this area. One o1 the important goals of this proposal is to identify these
substrates and davelop probes so that the underlying enzymatic activity of tetanus toxin can be
discovered.

The molecular mechanism that underlies the inhibitory effects of the Clostridial neurotoxins
are not known. There is some evidence that the Ca?* sensitivity of the release process is
decreased (Mellanby and Green, 1981). Although there is one report that tetanus toxin blocks

Ca?* channels in cultured neuronal cells, substantial evidence indicates that neither tetanus nor
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botulinum toxin act on Ca?* channels (Dreyer et al1983; Simpson, 1983). ¢cGMP was implicated
in the toxic action with the renort that Clostridial neurotoxins inhibited guanylate cyclase in neural
tissues (Smith and Middlebrook 1883). The principal investigator has obtainec substantial
evidence to implicate cGMP metabelism with the action of tetanus toxin in PC12 cells (Sandberg
et al1983). There has also been an interesting recent report that tetanus toxin decreases protein
kinase C activity in macrophages and naural tissues from infected mice (Ho and K'2mpner, 1988).
Consistent with this result are recent reports in which protein yinase C ~timulated secretion in
permeabilized pituitary cells and PC12 cells (Naor et a/1989; Ahnert-Hiiger and Gratzl, 1988).

The precise relation between these different observations is unclear Cne of the important gozls
of this research project is to identify an underlying relationship, or lack thereof, between pro.tein

kinase C, cGMP and tetanus toxin in neurosecretion.




RESULTS

The experimental approaches that have Leen pursued during the first half of this research
Jrant have been closely organized around the “Siatement of Work® that was submitted with the
original proposal. The overail sirategy has been to utilize a model system of cultured cells of
neuraiorigin, originally established by the Principal Investigator (Sancberg et al1989), to examine
the mclecular mechanisms of action of the Clostridial neurotoxins. The focus of our efforts has
been to examine the effects of Clostridial icxins of enzymatic systems in the PC12 cells that may
play crucial roles in neurosecretion. Akhough some of the resulls have been negative, a great
deal of progress has been made toward an understanding of the cGMP/phospbodiesterase
system in NGF-treated PC12 cells. Thus these pre!'minary results place us ir, an excellent position

to examine {ne role or these enzymes in Clostiridial neurotoxin action.

/

Experimental Series | -- Do Clostridial neurotoxins after protein kinase £ activity in cultured

neuronal cells 7 In this phase of the research plan we have examined ‘he hypothesis that the

action of Clostridial neurotoxins is causally related to a decrease in protein kinase C (PKC)
activity. This panrt of the project has been stimulated by the growing awareness thal PKC is
invclved in secretion in a variety of cells {Naor et a/1989; Ahnent-Hilger and Gratzl, 1988), and
from recent observations that tetanus toxin reduces PKC activity in neural tissues of intoxicated
mice (Ho and Klempner, 1988).

PC12 cel's were cultured on multiwell dishes in the presence of NGF for 8-10 days by
methods previously described by the Pl (Sandberg et al1999; Walton et a/1988). The cells were
then be incubated for 16 hr with tetanus toxin in concentrations from 10 nM to 1 uM.. Following

these incubations, the cells were homogenized and the cytosol and particulate fractions were
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separated. PKC was solubiiized from the membrane fraction with Nonident NP-40 and then
resoived by DEAE ion exchange chromalography. These methods have been previously
described (Thomas et a/1887). The PKC aclivity was then be measured in extracts of the soluble
and particulate fractions of cell homogenates by previously described methods.(‘l’homas et
al1887; Alloatti et a/1920; Lai et a/1530; Doarner ei a/1990). The PKC activity was assessed by
the ability of the fractions to stimulate the phosphorylation of histone (Typ2 W) in vitro and were
caiculated es the Ca?’-piioaphcelipid stimulated nmol [¥P]PO, incorporated /min/mg protein. The

resulls are shown in Table 1.

TABLE 1

Effects of Tetanus Toxin on Protein Kinase C activity in
PC12 lells

PKC Activity
Culture Conditions (nmol P/min/mg protein)
Cylosoel Particulata
SPARSE 14=+02 03 =008
+NGF 24 * 015 0.8 +0.18
+NGF, + Tetanus Tox. 21 +018 0.9 = 0.20

As shown in Table 1, when PC12 ceils were incubated with 100 nM tetanus toxin for 16 hr, there
was no effect of the toxin cn the steady state levels of PKC in the cultures. There was no change
in the distribution of the enzyme between the soluble and particulate fractions, and the specific
activities were nearly identical under the two incubation conditions. Itis important to note that we
have previously demonstrated that such tetanus toxin incubations resuit in 80% inhibition of

neurotransmitter release in PC12 cells. Thus, these results argue against an important role for
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PKC in the Clostridial toxin intoxication process.

These results are nou ‘onsistent with previous studies in which intrathecal injection of
tetanus toxin into spinal cord of mouse resulted in a significant decrease in the levels of PXC in
this mufticailular tissue (Ho and Klampner, 1888). There are a number of potential reasons for
the cdiscrepancy, certainly not the lcast of which is the difference in the systems used. Thus,
tetanus toxin infections may lower PKC activity in non-neuronal cells in the preparation. Such

events would not be detected in the homingeneous population of neurcnal cells in PC12 cultures.

Experimental Series 2 -- Do Closiridial Neurotoxins Modify cyclic nuclactide phosphodiesterasa

activities in whole cell homogenates from PC12 celis? Previous work from our laboratory has

suggestad that Clostridial neurotoxins act by increasing cGMP phosphodiesterase (~DE) activity
in neural cells (Sandberg et al18€9; Landberg et a/1863). Thus initial studies were performed
to sez ifincreases in cGMP PDE activity could be observed in whole cell homogenates of tetanus
toxin-treated PC12 ceils. PDE activity was determined in the homogenates using a combined two-
step procedure as described previously (Kircaid and Manganiello, 1988). The reaction was
initiated b'y addition of the enzyme preparation to an incubation mixture containing, in a fina'
volume of 300 ul, 10nM [*H]cAMP or [*H]cGMP, 1 uM cAMP or cGMP, ImM MgCl, 0.1mM EGTA,
0.2% coybean trypsin inhibitor, and 0.2mg/ml BSA in 50mM BES buffer, pH7.4. The hydrolysis
of cAMP cr ¢cGMP catalyzed by PDE was usually allowed to proceed for 60 min at 30°C.

Following the termination of the hydrclytic reaction 5-nucleotidase from snake venom was used
to cenvert 53-nucleotide product derived from cAMP or ¢GMP hydrolysis to the corresponding
nucleoside. The conversion was complete for 10-20 min at 30°C. The final products,
[*H]aderosine or [*H]guanosine, were separatcd 1rom'the unreacted substrate by ion exchange

chromatcgraphy using DEAE-Sephadex A25, As shown in Figure 1, signiticant levels of Mg?*-
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dependent cGMP PDE activity was observad in whole cell extracts from NGF-treated PC12 cells.

Figura 1. Effects of tetanus texin cn ¢cGMP PDE activity in
PC12 cells. NGF-treated cels waig exposed to 100 nM
tetanus toxin overnight.  Whoe cell extracis were
prepared from contror (D), toxin-treated (25 nM (@) or
10Q nM (V)) cels. The cGMP PDZ actvey as a funcuon
of Mg?* concentration was determined.

Figure 1 aiso shows that tetanus toxin
pretreatment has no effect on the resuling

PDE activity in whole cell homoganates.

However, it is now clear that the PCE aclivity

cGMP PDE ACTIVITY

(pmol/mg/min)

© CONTROL
o 25nM TOXIN
v 100nM TOXIN

1 N 1 g 1

G2 Q4 0.6 0.8 1.0 1.2

[Mg®*] mM

e s g e

g Lt ranp e e e

in cells is a composite of many potential isoforms, each with distnct requirements for jons, such
as Ca?*, ard other factors, such as calmedulin. Thus, the effects of tetanus toxin on cGMP PDE
activities measured under different incubation conditions was assessed to determine if tetanus

toxin was aftering activity of one specific subtype of PDE.

100 L (C_JCONTROL 4
> .
oy T N i
Figure 2. EHacts of tetanus toxin on cCMP PDE activity. &= = EZZZTETANUS TOXIN
PC12 cells were incubated wrh 100 nM tetanus toxin 2 E 8¢ b ;
overright. Extracts were prepared and were assaysd for e }
cGMP PDE activiy undsr the condticrs shown. The 2 E
condiions ware;, EGTA+EDTA {1 mM), CaCl, (50 uM); o 8r 1
CaCi, (50 M), Calmodulin (20 M), MgCl, M3Cl, (2mM). Cg a
The rescits aro reported as the porcont actvity, compared o, @ 0
to extracts from control, ncn-1oxin treated cells. E 17
Q. = .
- QO
- ”.
% §. 20 ~ ;//: <
0 4 [ v

As shown if Figure 2, there were no BASAL EGTA CaCl, Ce i4CL Ca
+

EDTA CAR My

detectable effects of tetanus toxi hol
ctectable effects of tetanus toxin on whols INCUBATION CONDITIONS

cellextracts from PC12 cells under a variety of

different ionic conditions. Thus, wa faled to detect any effects of tetanus toxin on cyclic
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nucleotide PDE activity in whole cell homogenates. However, it is stif possible that Clostridial
neurotoxins alter PDE activity but thatit could not be observed under the experimental conditiors
used. For example, the activation of FDE activity could be reversed during the time required for
preparation and assay of homecgenates. Funiher, it is clear that there are multiple forms of PDE
in any cell, thus tetanus toxin might be altering the activity of one specificisoform. Such activation
may go nndetected in the whole cell homogenate assay. Accordingly, othar experiments were
performed in order to explore these hypotheses in detail.

Experimental Series 3 -- [colation and characterization of isofcrms of cvclic nucleotide

phosphodiesterase activity from PC12 cells. In order to understand ¢cGMP metabolism in neural

cells and the effects of Clostridial toxins on this system a dztailed understanding of properties of
the PDE isoforms present in PC12 cells is essential. Therefcre in this experimental series, PDE
isoforms were resolved from extracts of PC12 cells using ion exchiange chromategraphy. PC12
cells were removed from culture dishes by incubating cells is in a disscciation butfer { Ca?*- and
Mg?*-free phosphate buffer consisting of 137mM NaC!, 5.2mM KCI, 1.7mM Na2HPO4, 0.22mM
EGTA, pHBE.5, OSM340) for 5-10 min. The cells were collected by centrifugation and nomogenized
in 40mM Tris-HCI, pH8.0, containing 5mM MgCl, and 0.25mg’ml BSA The homogeanate was
subsequently used as a whole cell homogenate preparation for the PDE assays or was separate
into soluble and particulate fractions by centrifugation. The PDE isoforms were resolved in the
cytosolic fraction using ion exchange chromatography methods adaptad from those previously
described by Dicou et al. {(1982) and Bode et al. (1988,1989). In 5rief, the soluble fraction (10-12
'mg of protein) was loaded onito a DEAE-cellulose DES2 column (bed volume of 15 ml) which was
previously equilibrated with 20mM Tris-HCI, pH7.4. The column was washed with two bed
volumes of 20mM Tris-HCI, 2mM MgCl,, pH7.4. PDE activity was eluted from the column with a

linear gradient of 50-500mM NaClin the same wash butfer. Fractions (1.5mf) were collected and

[N

xS

O Y




A e .+ T AT BT (R ¢ T e P et R S e 1 < Ay, - % e R e

e

B AR A R

stored at -80°C. The eluting PDE activity was assayed as described above. Pilot experiments
revealed that the PDE activity in these fractions was stable for at least { month at -70°C.

Initial experiments in this series focused on resolving major PDE species from
undifferentiated and NGF-treated PC12 cell cultures. Celis were grown in flasks and the cytosol
prepared as described above. About 10-12 mg of cytosolic protein was applied to the DEAE
columns and the PDE activity measured in the eluting fractions. The results from these studies

are shown in Figure 3.

25 r ; . T r
1 It -NGF
= 20t .
é n o cAMP
o o cGMP
Figure 3. Chromatographic separation of POE iscforms © v5h b
from PC12 cell extracts. PC12 cells were grown in the ~
presence (Pane! B) or absence (Panel A} of NGF. £ 10k i
Cytosolic protein (10-12 mg protein) was rescived on ~
DEAE cellulose columns as described above. Each i)
fraction (1.5 mi) was subsequently assayed for CAMP- and g o3 T
cGMP-PDE activity. o W )
~ D\b d T T T T - T .
> ;NGF
lon exchange chrematographic methods E A d>°°°" o CAMP
¢ 1or a o cGMP 1]
resolved three peaks of PDE activity from the | % l“o‘ 8
a IJ
ron-NGF-treated cells (Figure 3A). The peaks A ost l lp Y .
(<]
0,
were designated |, l, and Ili, in the order of ‘F\. o
00k ?? ] L 1 1 =
their elution by the NaCl gradient. The © % plaction number > %

hydrolytic activities of these fractions toward 1

pM cAMP or 1 uM cGMP as substrates were determined in all fractions; PDE activity in the three
peaks exhibited no prefarence for either nuclectide. Figure 3B snows the chromatogram of PDE
activity obtained from fractionation of cytosol obtained from NGF-treated cells. it was clear that
there is a substantial difference in the profile of PDE activity in this differentiated system. The

major differences can be summarized as follows. (1) Only two peaks, labelled A and B according
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to the order of elution frcm DEAE-cellulose column, rather than three peaks seen in Figure 3A,
were resolved from the NGF-treated cells. (2) The positions of two peaks were shifted so that
neither peaks could precisely ~oincide with any peak appearing with the non-differentiated PDE
preparations. These chromatographic profiles were reproduced in three different preparations with
identical results  (3) The PDE activity in Peak A appears io be very different from Peaks | and |l
in that the activity in Peak A showed a preference for cAMP as a substrate under the conditions
used. Thus it is possible to resolve the cyclic nuclestide PDE activity of PC12 cells into muttiple
distinct species by ion exchange chromatography. Taken together, these results suppport the
idea that NGF treatment causes a significant change in the expression of PDE species in PC12
cells.

The chromatographic results indicate that PC12 cells express distinctly different forms of
PDE when cuitured in the presence of NGF. This hypothesis was explored in more detail by the
use of selective phosphodiesterase inhibitors. It is well recognized that different PDE isoforms
display different sensitivities to synthetic inhibitors (Weishaar et 2/1985). There is considerable
controversy over the precise selectivity of synthetic inhibitors of PDE isoforms isolated from
diverse sources. Yet, the demonstration of the inhibitory potencies of selective inhibitors of PDE
activity has formad part of the criteria by which isoenzymes from different sources are
characterized and classified. Accordingly, we examined the susceptibilities of all peaks of PDE
activity, isolated as shown in Figure 3, to a variety of isozyme-selective inhibitors. The dose-

inhibition curves are displayed in Figures 4 and 5.
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Figure 4. Effects of PDE inhibitors on PDE actlivity from
nondifferentiated PC12 cells. The inhibitors used are
displayed in the legend. The dosa inhibition curves for
PDE activity in peaks |, !l and il (Figure 3) are shown in
Panals A, B, and C respsctively.

(% CONTROL)
3

cGMP PHOSPHODIESTERASE ACTIVITY

ol
0 10 100 1000

INHIBITORS (uM)

i 1 X

Figure 5. Effects of PDE inhibitors on PDE activity from
NGF-differentiated PC12 cells. The inhibitors used are

displayed in the legend. The dose inhibition curves for - _ o X ksT
PDE activity in peaks A and 8 (Figure 3) are shown in w ‘\\\\\‘ o RO20-1724 |
Panels A and B, respectively. _. * pYPRiDLiod

c¢GMP PHOSPHODIESTERASE ACTIVITY
(% CONTROL)
i

INHIBITORS (uM)

PDE activity was measured by assessing the hydrolytic activity with 1 pM [°H]cGMP as the

substraie. The inhibition data from peaks |, il, and Il from non-NGF-treated cells are plotted in

11




Figure 4 and the data from peaks A and B from NGF-treated cells are displayed in Figure 5. In
general the PDE activities of all peaks could be inhibited by these PDE inhibitors in a dose-
dependent manner. However, as shown in Figures 4 and 5, there were a number of differences
in the inhibitory effects of the four selected inhibitors, Inthe non-NGF-treated cells, the rank order

of inhibitory potency was identical in the three peaks; that is, dypridamole > IBMX > zaprinast

> Ro20-1724. The first two inhibitors were much more potent, with IC, s in the range of 5-20 yM

B S s B X ) MR e

range and zaprinast in the 100-300 pM range. These data are summarized in Table 1. As shown

in Figure 5, the pattern of inhibition in NGF-treated cells was clearly different. The rank order of

e e Iy i ey

potency for peaks A and B were IBMX > dypridamole > zaprinast > Ro20-1724 and dypridamole
> IBMX > zaprinast >> Ro20-1724, respectively. Zaprinast was considerably more potent in
inhibiting the NGF-cell PDE 1soforms compared to those from non-dificrentiated cells. These data

are summarized in Table 2 below.

TABLE 2

Sensitivity of PDE fractions to selective inhibitors

'nhibitor ICs (pM)
-NGF Cutltures +NGF Cultures
| i ] A B
1BMX 20 8 18 7 23
DYPRIDAMOLE 9 5 14 18 7
ZAPRINAST 222 300 100 50 €0
Ro20-1724 800 600 1000 60 500

The four PDE inhibitors selected for the present experiments have a range of specificities.

12




IBMX is used widely as a non-selective inhibitor, whereas zaprinast, dypridamole, and Ro20-1724

are classified as selective inhibitors of PDE Typel, Type I, and Type lli, respectively. Recent data

supports the view that dypridamole is a PDE Type Il selective inhibitor, it is also reported as a

potent PDE Type V inhibitor. The fact that dypridamole exerted potent inhibitory effect on all

isozymes from both cells with or without NGF treatment suggests that PDE Type ll, cGMP-

stimulated form of POE (cGMPs-PDE), and PDE Type V, a cGMP-binding form of PDE (¢G-BPDE),

are probably the major isoenzymes expressed in PC12 cells.

A recent report has documented the presence of Type Il PDE in PC12 cells (Whalin et

al1891). A common characteristic of this form of PDE is that it has a cGMP-stimulated cAMP PDE

activity. A series of experiments were performed in order to examine which of the PDE peaks

may be related to the type Il isoform. PDE

activity was resolved from NGF-treated

extracts by ion exchange chromatography, as
described above, and the cGMP-stimulated
cAMP PDE aciivity was measured in each

fraction. The results are shown in Figure 6.

Figure 6 c¢GMP-stimulated PDE activity in fractions from
NGF-treated PC12 cells. Extracts from PC12 cells were
resolved on DEAE cellulose <olumns and the resulting
PDE activity (toward 1 mM [*H]cAMP) was determined in
the presence or absence of 10 uM cGMP as indicated.

PDE activity (nmol/ml/60min)

Q
0

20 30 40 50

Fraction number

Afthough tne PDE specific activity in Peak A

was much larger, the activity was only minimally stimulated by cGMP. The region of Peak B has

been resolved into two peaks as shown in Figure 6, with both being stimulated approximately
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two-fold by cGMP. Double reciprocal plots from these peaks revealed that the main effect of 1
pM cGMP was to increase the V,,, of the cAMP PDE activity from 9 to 24 uM min™, with little
effect on the K, for cAMP, 14 uM. These results are consistent with the typical Type I PDE
activity regulation by cGMP.

Another property of specific PDE isoforms is their ability to bind ¢cGMP. Thus cGMP
binding assays were performed in order to further distinguish and characterize PDE isoforms in
PC12 cells. ¢GMP binding activity in isolated PDE fractions was measured in a total volume of
250 ulin a buffer of 10 mM Na,HPO,, 1 mM DTT, 1 mM EDTA, 0.5 mg/ml histone llA and 0.2 uM
[*H]cGMP, pH7.4 in the presence of 0.1 mM IBMX. The reaction was started by addition of the
- enzyme preparation and processed for 60 min at 4°C. Assay mixtures were then filtered onto
Millipofe HA filters (pore size, 0.45uM). The reaction tubcs were rinsed with 4 ml of a 10mM
Na,HPQ,, pH7.4 and the filters were washed with 20m! of the same buffer. The radioactivities of
the filkers were counted in Sm! of scintillant. Nonspecific binding was estimated by performing the
incubation without tissue or with tissue in the same assay mixtures at time zero. The specific
binding activity was defined as the total amount of [*H]cGMP bound minus the nonspecific
binding component. The conditions employed for our binding assay were essentially derived
from those described by Hamet et al. (1987) and Francis et al. (1988).

The cGMP binding activity of was determined in all of the PDE fractions and the resuits

compared with cAMP PDE activity profiles. The results are shown in Figure 7.
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Figure 7. (fils SPLEB){*H]cGMP binding activity of PDE
frections.  Extracts from NGF-treated PC12 cells wara "
resolved by ion exchange chromatography. Each fracion » ' ! v !
was assayed for cGMP-stirnulated cAMP PDE activity (O) B o PDE
as well as for {*H}cGMP binging activity (@)as descnbed k] Nl o i
above.  The binding activity was reported as fmol ;A o Binding
[*H]cGMP bound/mil of solution. Tha resuits are reported a £ L
for each traction from the column, N g 9 )
) 3 /o J
i i
14 E Q
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As shown in Figure 7 there is significant | £33 2} 1t % _
3£ EH BRI
[*H]cGMP binding activity associated withthe | E / N
" 1k I L2 q 4
- = /O P %oq
two major peaks of PDE activity, Peaks Aand | 2 ? k?-'- '..-. o«
17 o if ; e
0 ae i 1 o §
B. Peak B, which had a significant level of 0 0 20 30 40 so
i Fraction number
cGMP-stimulated PDE activity bound cGMP to

a level of 200 fmol/ml. This is consistent with

its designation as a Type li isoform. It is also clear that this large peak of activity is likely
comprised of several distinct forms since there are areas of PDE activity that do rot bind
significant cGMP. Peak A, which did not show significant cGMP-stimulated PDE activity, did bind
significant levels of cGMP, up to 400 fmol/ml. Thus it is not likely to be a Type Il isoform, but may
be related to the Type V isoform as recently reported. The sensitivity of this fraction to PDE
inhibjtors (Figure 3 and Table 2) is consistent with this view (Weishaar et a/1985).

Taken together, the data to date demonstrate that PC12 cells express multiple isoforms
of PDE, each with distinct biochemical propertiss. An important discovery during this work is the
observation that the expression of isoforms is highly dependent upon the differentiation state of
tne cells. Thus, culturing of PC12 cells with NGF results in a pattern of PDE expression that is
very different from that seen with non-differentiated cultures. These ditferences were identified
by changes in the mobility of PDE activity in ion exchange chromatography as well as by their

differential sensitivities to selective PDE inhibitors. PDE activities were also distinct in their ability
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to be stimulated by ¢cGMP and by their ¢cGMP binding properties. Thus by many criteria, it is

demonstrated that NGF treatment results in the expression of a different group of PDE iscforms.

From our previous studies we have hypothesized that Clostridial neurotoxins act by
altering the activity of a zaprinast-sensitive PDE isoform in neural cells (Sandberg et a/1989).
Thus the data reported here are consisten; with this with these previous studies in that there is
a differential sensitivity of PC12 cells to tetanus toxin as a function of the differentiation statc.
Secretion in NGF-treated cells is sensitive to intoxication while neurotransmitter release in
nondifferentiated cells is not sensitive to toxin treatment. Thus If PDE is a target for the toxins,
then differential expression is a possible mechanism {hat undarlies these results. Thus, a major
gcal in the near future will be to determine if any of the PDE isoforms that we have identified is

modified by treaiment with botulinum and tetanus toxins.

16




REFERENCES
Adam-Vizi, V., Rosener, S., Aktories, K and Knight, D.E. Botulinum toxin-induced ADP-ribosylation

and inhibiticn of exocylosis are unrelated events. FEBS Leits. 238:277-2€0, 1889.

Ahnert-Hilg -1, G. and Gratzl, M. Controlied manipulation of tha cell intericr by pore forming

proteins. TIPS 9:195-197, 1938,

Alloatti, G., Montrucchio, G., Camussi, G. and Pros!acyc!ih inhibits the platelet-dependent effects

of platelet-activating factor in the rabbit isolated heart. J Cardiovasc. Pharmacol 15:745-751,

1980.

Bergey, G.K, MacDonald, R L., Habig, W.H,, Hardegree, M.C. and Nelson, P.G. Tetanus toxin

convulsant action on mouse spinal cord neurons in culture. J Neurosci 3:2310-2323, 1983.

Collingridge, G.L., Collins, G.G.S,, Davies, J., James, T.A,, Neal, M.J. and Tongroach, P. Effect of

tetanus toxin on transmitter release from substantia nigra and striatum in vitro. J.Neurochem.

34:540-547, 1980.

Critchley, D.R., Habig, W.H. and Fishman, P.H. Reevaluation of the role of gangliosides as

receptors for tetanus toxin. J Neurochem. 47:213-221, 1986.

Doerner, D., Abdel-Latif, M., Rogers, T.B. and Alger, B.E. Protein kinase C-dependent and

-independent effects of phorbol esters on hippocampal calcium channel current. J. Neurosci, 10:in

press, 1950

17

SR T T e e




Dreyer, F., Mallart, A. and Brigani, J.L. Botulinum A toxin and tetanus toxin do not affect
presynaptic membrane currents in mammalian motor nerve endings. Brain Res. 270:373-375,

1983,

Ho, J.L. and Klempner, M.S. Diminished activity of protein kinase C in tetanus toxin-treated
macrophages and in the spinal cord of mice manifesting gerneralized tetanus intoxication. Journal

of Infectious Diseases 157:925-933, 1888.

Kincaid, R.L. and Manganiello, V.C. Assay of cyclic nucleotide phosphodiesterase using -

radiolabeled and fluorescent substrates. Meth.Enzymol 159:457, 1988.

Lai, W.S, Rogers, T.B. and El-Fakahany, E.E. Protein kinase C is invoived in desensitization of
muscarinic receptors induced by phortol esters but not by receptor agcnists. Biochem.d. in

press, 1530.

Mellanby. J. and Green, J. How does tetanus toxin act?. Neuroscience 6:281-320, 1981.

Middiebrook, J.L. and Dcriand, R.B. Bacterial toxins: cellular mechanism of action. M/‘crobio/.f?eu

48:139-221, 1984.

Naor, Z., Dan-Cohen, H., Hermon, J. and Limor, R. Induction oi exocytosis in permeabilized

pituitary cells by a- and S-type protein kinase C. Proc. Natl Acad. Sci {USA) 85:4501-4504, 1989,

18




Piarce, E.J., Davison, M.D., Parton, R.G., Habig, W.H. and Critchley, D.R. Characterization of
tetanus toxin binding to rat brain membranes: evidence for a high-affinity proteinase-sensitive

receptor. Biochemn.J. 238:845-852, 19886,

Rogers, T.B. and Snyder, S.H. High affinity binding of tetanus toxin t¢ mammalian brain

membranes. J Cell Biol 256:2402-2407, 1881,

Sandberg, K, Berry, C., Eugster, E. and Rogers, T. Aroie for cGMP during tetanus toxin blockade
of acetyicholine releae in the rat cheochremocytoma (PC12) cell line. J Neurosci 9:3946-3834,

1989

Sandberg, K, Berry, C. and Rogers, T.8. Studies on the intoxication pathway of tetanus toxin in

the rat pheochromocytoma (PC12) cell line. J.Biol Chem. 264:5679-5€85, 1889,

Schmitt, A, Dreyer, F. and John, C. At least three sequential steps are involved in the tetanus
toxin-inducedblock otneuromusculariransmission. Nauyn-Scmeid Arch. Pharmacol 317:326-330,

1981.

Simpson, L.L. Molecular pharmacology of betulinum toxin and tetanus toxin.

Ann.Rev.Fharmacol Toxicol. 26:427-454, 18886,

Smith, LA, and Midclebrook, J.L. Botulinum and tetanus neurotoxins inhibit guanylate cyclase

activity in synaptosomes and cultured nerve cells. Toxicon 23:611-611, 19,

19




Staub, G.C., Walton, K M., Schnaar, R.L., et al. Characterization of the binding and intarnalization

of tetanus toxin in a neuroblastoma hybrid cell line. J Neurosci, 6:1443-1451, 1886.

Thomas, T.P., Gopalakrishna, R. and Anderscn, W.B. Hormone- a~d tumor promoter-induced

activation or membrane association of proiein kinase C in intact cells. Meth.Enzymol. 141:399-411,

1987.

Walton, KM, Sandberg, K, Rogers, T.B. and Schnaar, R.L. Complex ganglioside expression and

tetanus toxin binding by PC12 pheochromocytoma cells. J Biol Chem. 263:2055-2063, 1988.

Weishaar, R.E., Cain, M.H. and Bristol, JA. A new generation of phosphodiesterase inhibitors:
multiple molecular forms of phosphodiesterase and the potential for drug selectivity. Journal of

Medicinal Chemistry 28:537-545, 1985.

Whalin, M.E., Scammell, J.G,, Strada, S.J. and Thompson, W.J. Phosphodiesterase I, the
cGMP-activatable cyclic nucleotide phosphodiesterase, regulates cyclic AMP metabolism in PC12

cells. Mol Pharmacol 39:711-717, 1991,

T T L S TR R

2

£
i3

7

i

W
ol
b
3

&
i

T V.

6 o

D s e e

o e A




