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Inositol 1,4.5.trisplaosphate (l.4,5,1nsP0 was perfus~ into rat dorsal root ganglion (DRG) neurons by whole-cell patch-clamp electrodes, while 
measuring the membrane potential. This operation evoked a transient (2-3 rain) membrane hyperpolarization of about -15 mV (from -42 mV) 
followed by a depolarization. The membrane hyperpolarization was abolished when 30 mM EGTA was perfused togetller with 1,4,5./nsP~ or when 
0.2 mM quinine was added to the bath solution. The hyperpolarizing response was enhanced when a low-Ca:" EGTA.free intracellular solution 
was used. Two InsP, isomers induced a different response. Our results suggest thai the hyperpolariTation is due to 1,4.5-1nsP;induced Ca '+ release 
which may trigger Ca.sensitive K* channels to open. Present results show that cultured DRG neurons are able to respond to 1,4,5.1nsP.~ perfusion 

iri the whole-cell configuration. 

DRG; 1,4,5-InsPa; Hyperpolarization; Ca:'-depel~dent K* channel 

1. I N T R O D U C T I O N  

Dorsal  roo t  ganglion ( D R O )  neurons  are widely used 
to study neuron  regeneration.  A recently developed dor -  
sal root  gang l ion  cul ture  model  has been shown to be 
par t icular ly  useful for  the study o f  g rowth  cone behavi- 
our, cell migra t ion  and  the interact ions between the 
different D R G  cell types  (neurons,  satellite cells, 
Schwann cells and fibroblasts) dur ing cell g rowth  and  
nerve fibre myel inat ion [1]. 

Electrophysiological  measurements  showed that  the 
neurons  in these cultures in a chemically defined me-  
d ium are exci table up to 35 days o f  culture [1,2], consis- 
tent with the presence o f  both inward currents and out-  
ward  currents  measured  under vol tage c lamp [1], The  
morpho log ica l  and electrophysiological  results ob-  
tained so far, p rov ide  a basis for  a more  detailed s tudy 
on  the in teract ion between ion t ransporters  and second 
messengers  and  their role in neurite outgrowth  and  neu- 
ron regeneratiorJ. 

Cytosol ic  free Ca  .'+ ([Ca-*~]i) and  inositol 1,4,5-tris- 
p h o s p h a t e  ( l , 4 ,5 - InsP0  are impor t an t  second messen-  
gers in m a n y  different cell types [3], including neurons  
[4]. In addi t ion,  the second-messenger  c A M P  influences 
D R G  neurite ou tg rowth  by a lowering of the growth  
cone  Ca'-" level [5,6]. W e  were interested in a possible  
role of  1,4,5-lnsP~ and 1,4,5-InsP.rrelated processes in 
neurite ou tg rowth ,  ion t ranspor te r  control  and neuron  
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regenerat ion.  In the present work  we have investigated 
the  effects o f  1,4,5-lnsP.~ on some electrophysiologieal  
proper t ies  o f  rat D R G  neurons.  Our  results suggest that 
1,4,5-lnsP~ is able to modula te  [Ca-'+]~ in cultured D R G  
neurons .  Perfusion of these cells with 1,4,5-InsP~ in the 
whole-cell pa tch-c lamp configurat ion elicited a tran- 
sient membrane  hyperpolar izat ion.  This hyperpolar iza-  
t ion is likely to be due to the opening of' Ca~-+-dependent 
K*.channels .  

2. M A T E R I A L S  A N D  M E T H O D S  

2.1. Cell cttlt~lre cottditiotts 
The dorsal root ganglion (DRG) cells were me¢la;mically isolated 

from neonatal rats [7] and cultured in the chemically defined R12 
serum-free culture medhtm [I] as described belbre. Only 1-day cul- 
tured laeal'onfi were used ~o|" gxp~rhllcl'Ats. 

2, -), ,4leo;brahe potetttial oteasuret~tettt attd celt petT[hsiott 
For membrane potential measurements and ~imultaneous cell per- 

fusion, the whole-cell eonliguration of the patch-clamp technique [8] 
was used will~ an EPC-7 patch-clamp amplifier (List Electronic. Ger- 
many). Glass coverslips with attached neurons were mounted to an 
open bottom Teflon culture dish [9] which was placed on the stage of 
an inverted phase-contrast microscope. The rncnabrane potential was 
recorded with a personal computer using the software package 
pClamp (version 5.1, Axon Instruments. Burlingame, CA)and by a 
pen recorder. The membrane resistance was measured from the sta. 
tionary potential responses upon small hyperpolarizin~ current.step 
pulses (steps ~ 20 pA, see Fig. IA, inset). 

2.3. Composition of .~'ohttion.~' 
For ¢ol~trol experimenls, the DRG neurons were bathed in an 

extracellular solution (ECS) composed of (raM) 140 NaCI, 5.0 KCI, 
1.0 CaCI_,, 1.0 M gCI2, 6.0 glucose and 10 I-I EPES/NaOH (pH 7.2). The 
solution was refi'eshed every 10-20 rain. The patch pipette was filled 
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with an intracellular solution (ICS) containing (raM) 140 KCI, 10 
NaCI, 1,0 CaCI,, 2,0 MgCI2, 10 EGTA, and lO HEPES/KOH (pH 7,2]. 
For inositol phosphate experiments, the patcb pipette was lilled with 
different intracellular solutions together with different 1.4.5-1nsP.~ or 
InsPa concentrations. 1,4,5-lnsPa- and InsP-,-containing solutions were 
freshly made before use. 1,4,5-1nsP~ was obtained from Sigma Chem. 
Co. (St. Louis, USA). 1,4-InsP.,. and 4,5-1nsP., were from Boehringer 
Mannheim (Germany), 

The high-EGTA intracellular solution was ICS with (raM) 30 
EGTA, 2.99 CaCI: and 3,47 MgCl., resulting in the same free calcium 
and magnesium concentration as in ICS, The Ca:'-free intracellular 
solution consisted of(raM) 145 KCI, l0 NaCl, 2.0 MgCl.., l0 HEPES/ 
KOH (pH 7,2), The quinine (Sigma)containing solutions were freshly 
made before use, 

Data are presented as mean values +_ standard deviations (M _+ 
S.D.), with n :- the number of cells measured. Paired Student's t-tests 
were used Ibr comparing the membrane potential at 0 time (immedi- 
ately alter the whole-cell configuration wa,~ obtained) and alter 1 rain. 
Student's t-test was u~ed to compare mean membrane pote,~tials ob- 
tained in different experimental conditions, 

3. RESULTS 

3.1. Resting membrane potential and resistance 
The resting membrane potential of  D R G  neurons 

was measured immediately after formation of  the 
whole-cell configuration [1,2]. Under the control condi- 
tion (pipettes filled only with ICS), the resting mem- 
brane potential of neurons was -48.1 + 11.3 mV (n = 
18) (see Table I) and in most cases, neurons were excit- 
able (having action potentials), vchich is in agreement 
with our previous results [1,2]. Resting membrane po- 
tentials were in most cases stable for more than 30 rain. 
For the experiments, only neurons with rouble resting 
membrane potentials more negative than -20  mV were 
used. Neurons that showed a depolarization of  the 
membrane potential to values close to 0 mV within 2 
rain after achieving the whole-cell configuration were 
also excluded. 

The membrane resistance (Rn,), in most cases, 
strongly depended on the menabrane potential when 
hold at different potential values by current injection 
(Fig. IA). R,~ ranged from 100 to 400 Mr2 at membrane 
potentials more positive than -50  inV. At membrane 
potentials more negative than -50  to -60  mV R,~ in- 

creased remarkably (range 400-2000 Mfl) with more 
negative potential values. This membrane resistance in- 
crease is likely to be due to the closure of  voltage-de- 
pendent ion channels at membrane potentials more neg- 
ative than -50 inV. 

3.2. Effects o f  inositoi phosphates on the membrane po- 
tential 

The effect of  1,4,5-lnsP3 on the membrane potential 
was investigated by using patch-pipettes filled with ICS 
supplemented with 100`a M 1,4, 5-1nsP~. This allowed us 
to perfuse the cells with 1,4,5-lnsPs-eontaining solutions 
while the membrane potential was measured. Immedi- 
ately after obtaining the whole-cell configuration the 
mean measured membrane potential was -42 + 15.9 
mV (n = 16), which is not significantly different from the 
membrane potential measured in control experiments 
(P > 0.05) (Table I). From 9 tested neurons, 8 neurons 
had action potentials which is similar as in control neu- 
rons. In contrast to the control experiments the mem- 
brane potential measured with 100 ,aM 1,4,5-InsP3 in 
the pipette was not constant but showed a significant (P 
< 0.01) transient hyperpolarization (Fig. 2). This hyper- 
polarization reached its most negative value at about 
1-2 min after the whole-cell configuration was achieved. 
Usually, the transient hyperpolarization was followed 
by a slower depolarization towards 0 mV (Fig. 2). The 
hyperpolarization was accompanied only by a slight (or 
no) increase in membrane resistance (Fig. In), whicla 
was much smaller than the membrane resistance in- 
crease upon hyperpolarization of  the control cells (by 
means of current injection) (cf. Fig. IA). 

The magnitude of the hyperpolarization was only 
slightly 1,4,5-lnsP.~ dose-dependent in a concentration 
range between 25 and 100/.tM. However, the number 
of responding cells depended strongly on the applied 
1,4,5-lnsP.~ concentration in this concentration range 
(Fig. 3). The mean membrane potential change (ZlEm) of  
responding cells was -14.8 _'2 11.9 mY (n = 12) for 100 
,uM 1,4,5-1nsP.~ and -10.8 _+ 6.2 mV (n = 4) for 25 ,uM 
1,4,5-1nsP3. At a concentration o f  25 `aM about 50% of  

Table I 

The membrane potential (E~.) after 1 s and at about 1 rain after formation of whole-cell configuration under various conditions 

Extracellular solution Intracellular solution E,, (1 s) (mV) Em (i rain) (mV) 

ECS ICS -48.1 _+ 11.3 (n = 18) -46.3 +_ 14.4 (n = 18) 
ECS ICS + 100/./M 1.4,5-1nsP.~ -42,6 _+ 15.6 (n = 16) -53.4 _+ 19.0 (n = 16) 
ECS high-EGTA t -46.8 ___ 4.2 (n = 5) -48,0 _+ 4.5 (n = 5) 
ECS high-EGTA + 100 ,uM 1.4,5-1nsPa -45.0 +_ 10.0 (n = 7) -43,4 -+_ 9.2 (n --- 7) 
ECS Ca"+-free -" -38,9 _ 11.5 (n = 8) -32.0 -+ 18.5 (n = 8) 
ECS Ca:*-fre¢ + 100tiM 1.4,5-1ns1% -33.0 +__ 12.0 (n = 5) -50.0 +_. 14.1 (n = 5) 
ECS ÷ 0.2 mM quinine ICS 4- 100gM 1,4,5-1nsP~ -36.7 + 17.8 (it = 6) -24.7 _ 22.3 (n = 6) 
ECS ICS + 100/.tM 4,5-1P: -38.3 - 9.4 (It = 4) -26.3 + 13.1 (n = 4) 
ECS ICS -I- 100#M L,4-1P_, -30.0 +_ 12.2 (n = 5) - t4 .0  + t!.9 (n = 5~, 

ICS with high EGTA (30 mM), pH 7.2 
z See section 2.3, pH 7.2 
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Fig, 1, (A) The increase in tile membrane resistance of DRG neurons 
upon hyperpolarization oi' th~ membrane to potentials < -50 mV 
using a holdingcurrent, Data from 8 experiments are shown, The inset 
shows how the membrane resistance was measured in one neuron. The 
membrane potentials were held at values shown. Two current pulses 
(in steps of -40 pA) were applied. The membrane resistances were 
calculated by dividing the stationary ,t V m by the applied AL (B) The 
changes in the DRG neuron membrane resistance during 100 ,aM 

l o4,5-1nsP: induced hype~olarizations. Data from 7 experiments. 

the cells responded with a membrane hyperpolarization 
(Fig. 3). 

'To examine whether the hyperpolarization was di. 
reetly du~ to a respense to 1,4,5-lnsP~ or due to a re- 
sponse to a 1,4,S-InsP~ breakdown product, we per- 
formed experiments with two different lnsP,, isomers. 
Perfusion of cells with ICS ÷ 100/.tM 1,4-InsP~. did not 
cause a membrane hyperpolarization response in DRG 
neurons (Table I). These cells started to depolarize rap- 
idly and subsequently died. However, the response to 
the other isomer, 100 g M  4,5-1nsP~., was different (Table 
I). After a first depolarization the membrane potential 
repolarized again (maximum value reached at about 2 
rain after the whole-cell configuration was obtained) to 
the initial membrane potential value (n = 4). This repo- 
larization was accompanied by a membrane resistance 
decrease. Since the membrane potential responses to 
both 1,4-InsP, and 4,5-1nsP.~ were much different from 
the response to 1,4,5-InsP3 we conclude that the 1,4,5- 
InsPa-induced membrane hyperpolarization is not due 
to the formation of the 1,4,5-InsP3 breakdown products 
1,4. and 4,5-InsP:. 

3.3. T'~e mechanism of the 1,4,S-h~sP~-induced hyperpo. 
larization 

In order to investigate the 1,4,5-InsP3 mechanism of 
action, a number of different experiments were per- 
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Fig. 2. Responses of the DRG neuron membrane potential upon 
stimulation with 100 3tM 1,4,5-1nsP.~ (filled symbols) and el" controls 
(without 100gM 1,4,5-1nsP~, open symbols). Responses from 4 exper- 
iments are shown. The two 1,4,5-1nsP.~ curves selected illustrate the 

variability in the exact time course of the hyperpolarization. 

formed. Since 1,4,5-InsP.~ is known to release calcium 
from intraeellular stores we tested the possible involve- 
mcnt of [Ca2*]~ in the 1,4,5-InsP3-induced membrane 
hyperpolarization. The role of  changes in [Ca"*]~ was 
investigated by using different calcium buffering solu- 
tions supplemented with 100/.tM 1,4,5-1nsP3 in the pi- 
pette. 

The 1,4,5-InsP3-induced hyperpolarization disap- 
peared when the patch-clamp electrodes were filled with 
a high EGTA (30 raM) intraceilular solution together 
with 100/.tM 1,4,5-lnsP~ (Table 1). On the other hand, 
1,4,5~InsP~ in a non-calcium buffered Ca:+-free (no 
EGTA) intracellular solution induced a membrane hy- 
perpolarization (Table I). These results suggest that the 
1,4,5-InsP.rinduced hyperpolarization is mediated by a 
(local) 1,4,5-lnsPrinduced [Ca~'*]i elevation. Increases 
in [Ca2+]~ lead to the activation of calcium-dependent 
potassium channels. Calcium.dependent potassium 
channels can be blocked by quinine [1(3]. Addition of 0.2 
mM quinine to the extracellular medium completely 
abolished the 1,4,5-1nsP;induced hyperpolarization 
(Table 1). Our experiments, therefore, suggest that the 
1,4,5-InsP3-indueed membrane hyperpolarization in 
cultured DRG neurons is due to the activation of cal- 
cium-dependent potassium channels via an 1,4,5-lnsP~- 
induced elevation of the cytoplasmic calcium level. 

4. DISCUSSION 

The study of  the role of second messengers in cell 
function, morphology and development requires inde- 
pendent measures to show that the second messengers 
used can be introduced functionally into the studied 
cells. Our experiments demonstrate that DRG neurons 
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Fig. 3. Percentage of the DRG neurons which responded to perfusion 
with 1,4,5.lnsP~ as a function of the used 1,4,5-1nsP.~ concentration. 

from cultures in a chemically defined medium show 
electrophysiological responses consistent with intracel- 
lular calcium release upon perfusion of  the cell with 
1,4,5-InsP3. 

It is well known that [Ca'-+]i and modulation of  [Ca:']~ 
plays an important role in neuron regeneration, excita- 
bility and neurotransmitter release [4]. 1,4,5-InsP~ is a 
second messenger in signal transduction, which mobi- 
lizes intracellular calcium, with an important function 
in controlling various cellular processes (e.g. [3,4,6,11]). 
1,4,5-1nsP.~ injection induces a hyperpolarization in var- 
ious types of  neurons [4,12]. In our experiments, we 
used D R G  neurons which do contain caffeine- and ry- 
anodine-sensitive intracellular Ca '* stores [13]. Intracel- 
lular 1,4,5-lnsP~ perfusion was found to evoke a tran- 
sient hyperpolarization followed by a depolarization 
(Fig. 2). This hyperpolarization is dependent on cal- 
cium-buffering (Table I). Therefore, the hyperpolariza- 
lion is likely associated with an 1,4,5-InsP~-induced 
Ca -'+ release. 

D R G  neurons in cultures show a large morphological 
and physiological heterogeneity [1,2,14-16]. This varia- 
bility is reflected, as well, in the electrophysiological 
parameters and probably also in the 1,4,5-InsP3-in- 
duced responses of  these cells. A bread range was ob- 
served in membrane potentials and membrane resis- 
tances (Fig. IA, Table I). In most cells 1,4,5-InsP3 
evoked large hyperpolarizations (mean/IE~ > 10 mV). 
However, in some cells only small hyperpolarizations 
(,dE~ < 5 mV) or no effect could be observed. We tried 
to minimize the heterogeneity by using only l-day cul- 
tured cells which had stable membrane potentials more 
negative than -20 inV. A further analysis of the 1,4,5- 
InsP3-induced hyperpolarization showe.d that this hy- 
perpolarization is accompanied by only a slight or no 
increase in membrane resistance (Fig. l B). This increase 
is much smaller than the membrane-resistance increase 

observed upon a similar (induced by current injection) 
hyperpolarization in control cells (of. Fig. IA). From 
this we conclude that the slight 1,4,5-1nsP~-induccd 
membrane resistance increase is likely composed of a 
membrane-resistance increase due to hyperpolarization 
of  the plasma membrane (as in current-injected control 
cells), and a membrane-resistance decrease due to the 
opening of  plasma membrane ion channels. The fact 
that the potassium-channel blocker quinine completzly 
inhibits the 1,4,5-lnsP3-induced hypcrpolarization 
(Table I) confirms this conclusion. Hence, this suggests 
that the 1,4,5-lnsP3-induced hypeipolarization is at 
least due to the opening of  potassium channels. How- 
ever, the absence of  a net decrease in Rm implies that 
besides channel opening, other than K" channels must 
close. A similar hyperpolarization accompanied mem- 
brane resistance increase, due to closure of  chloride 
channels, was observed in the acetylcholine-induced re- 
sponse in sympathetic neurons and the phorbol-12,13- 
dibutyrate-induced response in hippocampal pyramidal 
cells [17,18], Such chloride channels may be present in 
D E G  cells as well. 

The dependency on the 1,4,5-InsP3 concentration is 
mainly reflected in the number of  responding cells (Fig. 
3), and not in the magnitude of  the hyperpolarization. 
This may suggest the presence of  an 'all-or-nothing' 
mechanism consisting o f  positive feedback regulation as 
found in many calcium oscillating systems [3,19]. [Ca:"]~ 
measurements during lnsP~ perfusion may reveal more 
about  the presence of  such a mechanism in D R G  cells. 
In conclusion, the present work provides a first step 
towards the establishment of  the functional role o f  
1,4,5-1nsP.~ in D R G  neurons. 
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