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Voltage-clamp tcchmques were used to study the effect of torskohn 8-Br-cychc AMP and phorbol 

12,13-dlbutvrat~. (PDBu) on the 3 voltage-dependent calcmm current components of mouse dorsal toot 

ganghon neurons m culture Forskohn and 8-Br-cychc AMP selectively reduced the tran`,~ent hlgh-thre`,- 

hold (N-type) c,dcmm current component an effect also produced by PDBu a C kmase activator Pr~- 

treatment of cultures with pertussls toxin prevented the reduchon of calcium current b) PDBu but ~,~`, 

~lthout effect on the reductions produced by forskohn or 8-Br-c.ychc AMP These results support the ~.on- 

tentlon that activation of both A and C kmases `,electwel'~ affect calcium current,, m vertebrate nt.uron`, 

b~ reducing the N-type calcmm current component While the acttvatlon of the ( kma`,c reqmred ,1 (, 

protein to exert tts effect the actJvatlon ol A kmase did not 

Two second messenger systems, the phosphattdyhnosttoI-C kmase and adenylate 
eyclase-A kmase systems, regulate voltage-dependent calcium channels In response 
to vartous neurotransmltters, the membrane-bound enzyme phosphohpase C gener- 
ate~ lnosttol trlphosphate and dlacylglycerol, the latter activates C kmase [5] The tu- 
mor-promoting phorbol esters directly activate the C klnase [11] and have been 
shown to mcrease calcium current m mvertebrate neurons [3, 18] and to decrease cal- 
ctum current m vertebrate neurons [14, 19, 20] A variety o f  extracellular receptors 
are coupled vta GTP-blndlng proteins to adenylate cyclase, which m turn generates 
cyclic A M P  [15] Activation o f  the A klnase by cyclic A M P  or its analogs also en- 
hances calcium current in invertebrate neurons [2. 12], stmtlar effects m vertebrate 
neurons have also been noted [4] The mechanisms by which etther o f  these second 
messenger systems regulate calctum channel function are largely obscure It ts not 
known for example whether the A or C klnases dtrectly phosphorylate calcium 
channels, or if intermediate steps are involved 
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Furthermore, there appear to be at least 3 d~fferent calcmm current components 
m vertebrate neurons, a transient low-threshold (T-type) current, a slowly inactivat- 

ing high-threshold (L-type) current, and a transient high-threshold (N-type) current 
(e g ref 6) We studied the effects of forskohn, 8-Br-cychc AMP and phorbol 12,13- 

dlbutyrate (PDBu) on the 3 calcium current components of mouse dorsal root gan- 

ghon (DRG) neurons in primary dissociated cell culture We used 8-Br-cychc AMP 

which was presumed to activate the A klnase directly, and the adenylate cyclase acti- 
vator forskohn [17], which was assumed to lndlrectl~ activate A kmase PDBu was 

used to activate the C klnase [11] Pertussls toxin, which Inactivates the GTP binding 

protein G, and/or Go by ADP-rlbosylatlon [10], was used to investigate the role of 
G proteins In second messenger regulation ofcalcmm channels 

Preparation of DRG cultures was as previously described [7] Recording me&tim 

suppressed sodmm and potassmm currents, and contained in mM Tns-base 13 0 

chohne chloride 67 0 KC1 5 3, CaC12 2 0, MgCI: 0 8 glucose 5 6, tetraeth~lammo- 
mum chloride 100 The pH was 7 3 7 4a t  35 C Recordings were made with mlcropl- 

pettes (20 30 Mr2) filled with 3 M CsC1 A single electrode voltage clamp amphfier 

was used (Axoclamp 2, Axon Instruments, Burhngame, CA) that switched between 

voltage sampling and current injection ,it 6 8 kHz with a 70 30% duty cscle Voltage 

commands were generated, and current traces were digitized at 1 6 kHz and stored 

using the program pClarnp (Axon Instruments) Leak currents were estmlated b.~ 

using hyperpol,m/mg commands of magnitudes equal to the depolarizing commands 
used to evoke inward currents, the resulting currents were assumed to be equal bu! 

opposite in magmtude to leak currents Forskolln (Calblochem, La lolla, CA) and 

PDBu (LC Ser~meq Woburn, MA) were dissolved m dlmethyl sulfoxlde (Sigma St 
Louis, MO) and diluted into recording medium on the day of the experiment 8-Br- 

c vchc AMP was dissolved m recording medium lk~r use that da~ After neurons were 

oltage-cl,tmped, currentq were evoked ex ery 15 s until current magnitudes were sta- 
ble lor 1 2 mm A control current was then evoked, after whmh the drugs were ap- 

plied to the neuron by pressure injection at 0 25 0 5 psi from mmroplpettes with tip 

diameters of  10 20/zm Thereafter currents were evoked ever 5 ' 60 s Under these con- 
dltlons, the calcium current diminished no more than I S% m the 3 5 mm after apph- 

cation of diluent 
( a l cmm currents evoked at potentials positive to 20 mV lrom holding potentials 

negatlxe to - 6 0  mV contained the T- N- and L-Dpe current components [7] Fhe 

T-type calcmm current component was isolated by' using xer> negative holding 
potentials (negatlx e to - 8 0  mV) to full2y remove steady-state x oltage-dependent mac- 
tlvatlon and evoking the current at - 60 to - 50 mV 

For mos te \penments  howexer thehold lngpoten t la lwas  - 6 5 m V  le heal thc 
resting membrane potential Currents ~ere evoked with 300 ms depolan/mg xoltage 
commands to - 5 mV, and consisted primarily of the N- and L-type calcium current 
components Using this paradigm, most evoked currents declined to near-plateau 
levels bx 300 ins Application of 100 IzM forskohn reduced the peak calcium current 
~lth little effect on the late current (Fig IA1) This effect was maximal I 2 mm altel 
,i 2 ,, apphc,ttlon and v, as revcrslble after 5 10 mm (not ,,hov~n) Apphcatmn of 8-BI- 
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Fig 1 Forskohn 8-Br-cychc AMP and PDBu decreased calcium current In this and other hgures, dlustra- 

tive voltage traces were drawn above the current traces to show the holding potential (//h) and the voltagc 

step Inward currents are downward All current traces were digitized and leak-subtracted In this figure 

calcium current traces from each of ] neurons are shown superimposed, traces are shown betore (trat.t 

1) and 4 mm after (trace 2) a 2 s application of drug A I effect of 100 ~M forskohn on ¢.alcmm current 

A2 effect of 1 mM 8-Br-cychc AMP on calcium current B effect ol 500 nM PDBu on calcium current 

1, h was --65 mV with 300 ms voltage steps to - 5 mV 

cychc AMP (1 mM) produced a slmdar reduction in calcium currents The effect wa~ 
maximal 2-5 mm after apphcaUon but was rarely reversible within 10 mm (Fig I A2) 
The mean reduction of  peak calcium current was 28_  2 1% (S E M ,  n = 16) for fors- 

kolm and 24+_6 6% (n=4)  for 8-Br-cychc AMP Apphcatlon of 500 nM PDBu also 

produced a similar reduction in calcmm currents evoked at - 5  mV from a holdmg 
potential of  - 6 5  mV (Fig 1B) After 2 s apphcattons, the effect was maximal at 1 3 

mln and was reversible after 5 i0 rain The maximal peak calcium current reduction 
was 33 9+_3 0% (n= 16) 

In separate experiments, there was no effect of PDBu or torskohn apphcatlon on 
the isolated T-type calcium current component (not shown) 

We used the current remammg at 300 ms as an estimate of the L-type calcmm cur- 
rent component, and the current macttvatmg during the voltage command as an esti- 
mate of the N-type calcium current component Smce forskohn, 8-Br-cychc AMP 
and PDBu all reduced the peak calcium current wnth little effect on the late (300 ms) 

calcmm current, we concluded that this was most hkely due to a selectwe reduction 
m the N-type calcium current component To confirm this, calcmm current traces 
were fit usmg a multlexponential function using the program Asystant (Macmillan 
Software, New York, NY) Calcium current components could be separated, and 
their magnitudes determined, based on thmr widely different lnactwaUon time con- 
stants Neither PDBu nor forskohn affected the magnitude of  the T-type or the L- 
type component, but did reduce the N-type current component 15-50% 

In other experiments, we applied either forskohn (100/tM) or PDBu (500 nM) al- 
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Fig 2 Pcrtu,e, ls toxin p re t r ea tmen t  b locked the effect ol P D B u  on c a k m m  currents  [)lglll/c.d lcak-suh-  

t ractcd currc.nts l rom three different neurons  ar~. shown The currents  were recorded l rom neurons  113 

separa te  dishes  ol the ~ame p la tmgs  as m Fig 1 Pertussis  toxin was dlssol~t.d m dlstdh.d wat~.r v~llh (I I", 

a lbumin  at 50 nag ml Ahquo t s  were added  to cul tures  m g rowlh  m e d m m  to a hnal  conc.entranon ol 100 

150 ng ml and kept at 37 ( | o r  4 h Pertus~ls toxin was also added  to the recording m e d m m  at the s,,mt. 

concen t ra t ion  d u r m g  the exD.nmen t s  (u r ren t , ,  are shown bclorc (tra~.e l)  and 4 rain , t i ler (trae~. 2) a 2 

s d l u g  apphcat tor l  AI the eltect o f  100 i tM lo r skohn  m the presence ol pertussls  toxin A2 the t.ffeet 

ol 1 mM S-Br-ex~.llc &MP m the presence ol perlussls  toxin B the d ' lest  t-d 500 n m  PDBu m the pr~_',em.e 

o l p e x t t i s s l s t o x m  In all cases l h w a s  - 6 S m V  with t00 ms ~ol tage steps to 5 m V  

ter the other drug had been apphed to the neuron and the calcium current had been 

reduced to a stable magnitude for at least 1 mm PDBu reduced the peak c,flcmm 

current 28 ± 2 4% (n = 7), subsequent apphcatton of forskohn produced a total peak 
current reduction of 42-1-25% Forskohn reduced the peak calcium current b~ 

29+'~ 1% (n=7),  and subsequent apphcahon of PDBu resulted m a total peak cur- 
rent reduction of 37-4-2 9% 

We pretreated cultures with pertussts toxin to determine tf G proteins were 

mvolved m the achons of the A or C kmases on neuronal calcmm currents Because 

drug effects vaned somewhat m dtfl'erent culture groups, we compared the effects of 
forskolln, 8-Br-cychc AMP, and PDBu on paired cultures from the same plating 

one culture was pretreated with 10(~150 ng/ml pertussts toxm, while the other was 

not For most experiments, pertussts toxin was added to the culture 4 h before the 
experiment, a hme sufficient to virtually ehmmate neurotransmttter effects on cal- 
cram-dependent action potentmls m chick D R G  neurons [9] The action of forskohn 
(Fig 2AI) or 8-Br-cychc AMP (Fig 2A2) was unaffected by a 4 h premcubatton vvlth 
pertussts toxin The peak calcium current reduchons were 26__.2 7% (n=6)  for fors- 
kohn, and 21 4-3 1% (n = 6) for 8-Br-cychc AMP, nmther differed slgmficantly from 
the reductions recorded m the absence of pertussts toxm (260_+3 1%, n = 3 ,  and 
24 0_+6 6%, n = 4 ,  respectively) In contrast, m the presence of  pertussts toxm, the 
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1eduction of  calcium current by' 500 nM PDBu was less than that in its absence (~ ~s, 

2B) The peak calcmm cur, ent reduction was 12_+1 3% (n=39) ~.ompared ,,~ 
33 9__. 3 0% (n=16  P < 0 0 1 J m  the absence ofpertussls toxln The 12% reductlon~n 

peak calcium current produced by PDBu In the presence of pertussJs toxin ~,ts s,nlJ 
lar to that seen after apphcatkm of diluent (9 9 +  I 5% n =  13) 

In other experiments, pertussls toxin (100 ng/ml) was added to the cultures 24 h 

before the experiment The results were similar to those obtained using shorter pcr- 
tUSSlS toxin premcubatlon times In one experiment, for example, pertusslS toxin ~n- 

tually eliminated the PDBu-lnduced reductmn of the peak calcmm current the redm.- 
tlons were 32_+2 3% (n=3)  and 16% (n=2)  in neurons from control and pretreated 

cultures, respectively In contrast, forskohn reduced the peak calcmm current to th~ 
same extent m neurons from control and pertussls toxin pretreated cultules 

29_+2 4% (n=3)  and 28-+3 9% (n=6),  respectively 

These results shov, that drugs which are thought to result m the actlvatmn ot A 

and C kmases leduced calcium currents m mouse D R G  neurons, and that of the 3 
calcium current components in these neurons, only the N-type calcmm current com- 

ponent was affected Previously reported actions of  A kmase actlvatmn include an 
increase m calcium current ,n invertebrate neurons [2, 4, 12] This invertebrate cal- 

cram current may be analogous to the &hydropyndme-sensmve L-type calcium cur- 
rent component in vertebrate neurons As the associated channel appea~s to requlle 

A klnase-mduced phosphorylatlon to be activated [I], ~t would be expected that acti- 

vation of A klnase could increase the L-type calcium current component In fact m 

some neurons an Increase m the magnitude of  the (curve-fit) L-type current compo- 

nent was seen in the presence of forskohn or 8-Br-cychc AMP Nevertheless, the ma- 
jor effect of these compounds m our preparatmn was to reduce the N-type calcium 

current component in mouse DRG neurons Fo our knowledge, th~s is the first report 
of vertebrate neuronal calcium current reduction by these compounds We suggest 

that this common selective effect on calcmm currents may be the result of A klnasc 

activation 
PDBu similarly reduced calcium currents Activation of  C kmase has been 

reported to increase invertebrate neuronal calcium current [3, 18] and to decrease ver- 

tebrate neuronal calcmm current [14, 19 20] We suggest that the effect m vertebrate 
neurons may also be due to a selective effect on the N-type calcium current compo- 

nent 
Pretreatment with pertuss~s toxin prevented the reductmn m calcmm current pro- 

duced by PDBu, but did not affect the reductmn m calmum current produced by fors- 
kohn or 8-Br-cychc AMP This suggests that, while the final pool ofcalcmm channels 
may be similar (less-than-additive effects of  forskolln and PDBu), A and C kmases 
regulate calcmm channels by different mechamsms A G protein appears to be 
reqmred for C kmase, but not A kmase, to reduce calcmm current These data are 
consistent with those obtained from other preparatmns For example, phorbol esters 
enhanced cychc AMP accumulatmn m Swiss 3T3 cells, an effect blocked by pertussls 
toxin [16] It may be that C kmase mactwated G,, resulting m greater cychc AMP 
productmn This hypothes~s would account for similar actmns of  PDBu, forskolln 
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and 8-Br-cychc AMP on calcium currents Our data support the contention that C 
klnase acts wa a G protein (see also ref 21), but does not ehmmate the posstbfl~t5 
that the A and C kmases regulate calcmm channel function by divergent pathways 

We propose that the activation of  both A and C klnases selectively reduced the 
N-type calcium current component  of  mouse  D R G  neurons This finding IS of  inter- 
est as the N-type calcium current component  may be selectively reduced by neuro- 
transmitters [7], and may also be Involved in the regulation of  neurotransmttter re- 
lease [8, 13] Modlhcatlon of  the N-type calcmm current by second messenger ~y~tems 
could therefore be an important means of  regulating neuronal function 
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ration of  the figures, and Marjorle Mills and Christina Romaln for secretarial assis- 
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