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Abstract  :  Carbamazepine (CBZ),  one of  the most  commonly prescr ibed
antiepileptic drug, is proposed to inhibit Na+ channel. In this study, we have
investigated the effects of CBZ on Na+ current,  evoked in cultured dorsal
root  gangl ion (DRG) neurons  f rom neonatal  ra ts  us ing whole  cel l  patch
c lamp techn ique .  In  smal l  DRG neurons  (20–25  µm) ,  Na + cu r ren t  was
obtained by blocking K+ and Ca2+ currents with appropriate ion replacement
and  channe l  b lockers .  Separa t ion  o f  the  Na + cu r ren t  componen t s  was
achieved on the basis  of  response to the condit ioning voltage.  The CBZ
depressed  Na + cu r ren t  in  a  dose -dependen t  manner .  The  maximal  Na +

current was depressed at 300 µM of CBZ, where 94±5.1% of depression was
observed. The depression of normalized current amplitude was found to be
72±13.2%, 84±10%, 85±7.1% and 95±5.2% at 10, 30, 100 and 300 µM of CBZ
concentra t ions ,  respect ively ,  a t  –20 mV tes t  pulse ,  when compared with
control .  The depression of  current  ampli tude was observed as 48±12.3%,
42±15.2%,  71±17.7% and 90±5.8% at  10 ,  30 ,  100 and 300 µM of  CBZ
concentration, respectively, at 0 mV voltage pulse. The depression of Na+

currents  was found to be dose-dependant  at  –20 and –10 mV but  not  at
0 mV. It is concluded that the depression of Na+ currents by CBZ may be
responsib le  for  inhib i t ing  the  neurot ransmit ter  re lease .
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INTRODUCTION

Carbamazepine  (CBZ)  i s  a  t r i cyc l ic
an t iconvulsan t  d rug  used  for  t rea tment  o f
epilepsy, neuralgia,  psychiatric diseases and
to control epileptogenic discharge (1).  More
recently i t  has been found to be useful for
t rea t ing  neuropa th ic  pa in ,  poss ib ly  due  to

the i r  ac t ion  on  Na + channe ls  in  sensory
neurons (1) .  Currently,  various mechanisms
of action of CBZ are proposed (2).  One of
them is depression of voltage-dependent Na+

channels (2–4).  Local anesthetic compounds
tha t  have  been  used  in  the  c l in ic  ( i . e .
lidocaine, mexiletine and CBZ) are known to
have Na+ channel blocking properties (5, 6).
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MATERIALS AND METHODS

Cel l  preparat ion

Four  day  o ld  Sprague-Dawley  ra t  pups
were anesthetized and the vertebral  column
was removed. The spinal cord with DRG was
dissected and placed in a petri dish containing
Mg 2+-  and  Ca 2+- f ree  oxygena ted  phospha te
buffered sal ine  with  30 mM glucose.  DRG
were harvested from spinal cord, freed from
their connective sheaths in sterile Mg2+- and
Ca 2+- f ree  oxygena ted  phospha te  buf fe r
so lu t ion .  DRG were  then  incuba ted  wi th
trypsin (2.0 mg/ml) for 30 min at 37oC. The
trypsin inhibi tor  (1.5 mg/ml)  was added to
s top  the  enzymat ic  ac t ion  of  t ryps in .
The ce l l s  were  gent ly  t r i tura ted  wi th  f i re-
polished pasteur pipettes and then placed in
poly-D-lysine coated 35 mm culture plates.
The  ce l l s  were  a l lowed  to  adhere  to  the
cu l tu re  p la tes  fo r  50–60  min  pr io r  to  the
e lec t rophys io log ica l  record ings .  Ce l l
diameter  was determined using a cal ibrated
reticule in the light path of the microscope
dur ing  record ing ,  us ing  an  approximate
average  of  the  longes t  and  shor tes t
d imens ions  o f  ce l l s  tha t  dev ia ted  s l igh t ly
from spher ical  shape.  Neurons  f rom 20–25
µm diameters were used for this study. All
the  exper iments  were  approved  by  the
Ins t i tu t iona l  Animal  E th ics  Commit tee ,
Nat iona l  Ins t i tu te  o f  Pharmaceut ica l
Educat ion and Research,  SAS Nagar ,  India
for conducting animal experiments. Care was
taken to  res t r ic t  the  number  of  animals  to
the  minimum poss ib le .

Electrophys io log ica l  recording

Whole cell  patch clamp recordings were

Phenyto in ,  l amot r ig ine  and  carbamazepine
attach to a common binding site or “receptor”
on Na+ channels in hippocampal neurons (7).
I t  appears  tha t  th i s  recep tor  i s  assoc ia ted
wi th  the  inac t iva t ion  s ta te  of  Na + channel
that operates via the “hinged-lid” mechanism
(7).  Furthermore,  interact ions with voltage-
ac t iva ted  Ca 2+ channe ls  have  a l so  been
descr ibed  ind ica t ing  ca lc ium an tagonis t i c
properties (8). Besides these, CBZ has been
shown to  po ten t ia te  γ -aminobutyr ic  ac id -
induced Cl– currents in cultured rat  cort ical
neurons (9) .  I t  has  been also shown in rat
neocor t i ca l  ce l l s  tha t  ou tward  vo l tage-
dependent K+ currents were enhanced by CBZ
(10).  The slow KA current ,  which was also
termed the KD current by Everill et al. (11),
was preferent ia l ly  expressed in  smal l -s ized
DRG neurons that had tetrodotoxin-resistant
ac t ion  po ten t ia l s  wi th  in f lec t ions  and
responded  to  capsa ic in  (12–14) .  Thus ,  i t
seems  tha t  K DR and  s low K A cur ren t s  a r e
l ike ly  to  be  involved  in  modula t ing
excitability in small-sized, nociceptive DRG
neurons. CBZ was not effective in blocking
low-vol tage–act ivated Ca 2+ current  in  adul t
ra t  DRG neurons  (15) .  These  ac t ions
cont r ibu te  to  the  CNS ef fec t s  o f  CBZ.
Fur ther ,  the  progress ive  reduc t ion  of  bo th
motor  and  sensory  conduc t ion  ve loc i ty  by
CBZ in long-term therapy has been reported
in adult rat (16). The reduction of conduction
ve loc i ty  and  sensory  loss  may  be  due  to
ac t ions  o f  CBZ on  per iphera l  nerves  and
sensory  conduc t ion  pa thway inc lud ing
sensory neurons in  adul t  animals  involving
Na + channe ls .  There fore ,  to  ob ta in  be t te r
ins ight  in to  the  mechanism of  CBZ ac t ion
on  Na + channe ls  the  p resen t  inves t iga t ion
was carried out on cultured neonatal rat DRG
neurons  us ing  whole  ce l l  pa tch-c lamp
techn ique .
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neurons  (n  =  13)  a t  ho ld ing  po ten t ia l  a t
–70 mV with a pre-pulse of –120 mV. This
pre-pulse  served to  remove inact ivat ion of
voltage-gated Na+ channels. The Na+ currents
were isola ted by blocking the K+ and Ca2+

cur ren t s  wi th  appropr ia te  ion  rep lacement
and  channe l  b lockers .  K + channe ls  were
blocked us ing Cs+ in  in ternal  so lu t ion  and
externally by TEA. Ca2+ channels are difficult
to block selectively and rat DRG cells possess
several different types of calcium channels,
each  be ing  sens i t ive  to  d i f fe ren t  c lass  o f
blocking agent.  Ca2+ channels were blocked
by using Ca2+ 10 µM concentration externally.
10 µM concentration Ca2+  being thought to
be sufficiently low to block the channels by
bind ing  to  a  h igh  a f f in i ty  s i t e  wi th in  the
channe l ,  whi le  be ing  a t  the  same t ime
sufficient ly high to prevent  them becoming
Na+ conducting. Internal EGTA was used to
buf fe r  in te rna l  Ca 2+ and  Mg 2+,  a  non-
permeant  Ca 2+ compet i to r  was  presen t  in
both the external and internal solution. The
major internal anion, F- has also been shown
to  inh ib i t  I Ca in  immature  ra t  DRG ce l l s .
The isolated Na+ current showing the inward
and  ou tward  cur ren t  i s  showing  the  be l l -
shaped current and voltage (I-V) relationship.
As  repor ted  Na + channe ls  open  wi th  the
stepwise depolarization pulse of -50 mV to
40 mV with 10 mV step (17–18).  The Na+

channel closes with the depolarization pulses
above  20  mV.  The  ho ld ing  po ten t ia l  was
main ta ined  a t  –120  mV,  cur ren ts  were
recorded  a t  vo l tages  be tween  –50  and
+ 40 mV in  10  mV s teps  a f te r  50  ms
conditioning pre-pulse to –120 mV (Fig. 1).

Drugs  and  so lut ions

CBZ (Amol i  Organic  Pvt .  Ltd .  Baroda ,
India) was dissolved in 2% dimethyl sulfoxide

per formed us ing  Axopatch–200B ampl i f ie r
(Axon Instruments,  Foster  City,  CA, USA).
P ipe t tes  were  fabr ica ted  f rom boros i l i ca te
g lass  wi th  f i l ament  (Cla rk  Elec t romedica l
Ins t rument ,  UK)  and  pu l led  by  us ing  a
Flaming/Brown micropipette puller (Model P-
87 ,  Su t te r  Ins t rument  Co . ,  USA) .  The
pipet tes  were polished by using microforge
(Model  MF-900,  Nar ish ige ,  Japan)  to  g ive
resistances of 1–2 MΩ .  Data acquisition and
pulse  p ro toco ls  were  con t ro l led  wi th  the
pCLAMP software (Axon Instruments, Foster
City, CA, USA) and digitized using analog/
d ig i ta l  conver te r  (Dig ida ta  1322  A,  Axon
Ins t ruments ,  Fos te r  Ci ty ,  CA,  USA) .  The
record ings  were  done  a t  20±0 .5 oC us ing
tempera ture  cont ro l ler  (Harvard  Appara tus ,
Model  TC-202A,  USA) .  Cur ren ts  were
sampled  a t  20  kHz and  f i l t e red  a t  5  kHz.
Cell  capaci tance and series  resis tance were
read  f rom the  d ia l s  o f  the  pa tch  c lamp
ampl i f i e r  a f te r  cor rec t ing  the  capac i t ive
t rans ien t  cur ren t  ob ta ined  dur ing  a  smal l
depolar izing test  pulse.

For  i so la t ion  of  Na + cur ren t s  ex t ra -
cellular solution contained (mM): NaCl, 65;
Chol ine  ch lor ide ,  50 ;  Te t rae thy lammonium
chlor ide  (TEA) ,  20 ;  KCl ,  5 ;  CaCl 2,  0 .01 ;
MgCl2,  5;  glucose,  10 and HEPES, 10. The
pH was adjusted to 7.4 by addition of NaOH.
The intracellular (pipette) solution contained
(mM): CsF, 110; MgCl2, 5; EGTA, 11; NaCl,
10; HEPES, 10. The pH was adjusted to 7.2
by  the  add i t ion  of  CsOH ( to ta l  Cs +

concentrat ion;  140 mM).  The osmolari ty of
these  so lu t ions  was  kep t  in  the  range  of
310–325 mOsm/kg.

I so la t ion  o f  Na + current  in  DRG neurons

Na + cur ren t s  were  recorded  in  smal l  DRG
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(DMSO, Sigma) .  CBZ was  prepared in  the
external medium to the desired concentration
jus t  before  use .  Drug  was  app l ied  in  the
ex te rna l  ba th ,  to  ach ieve  the  des i red
concentrations. All the chemicals used in the
intracellular  and extracellular  solution were
from Sigma-Aldrich, CA, USA.

S t a t i s t i c s

All results  are presented as mean±SEM.
Student’s  t - test  and ANOVA were used for
comparing the different groups.  P<0.05 was
considered as stat is t ical ly significant .

RESULTS

CBZ Depressed  the  Na + current

CBZ b locked  the  Na + cur ren t  in  a

concentration-dependent manner (Fig.  2 and
3). The maximal Na+ current is depressed at
300 µM of CBZ, where 94±5.1% of depression
was observed. The maximal peak current was
observed at –20 mV which was depressed by
72±13% a t  10  µM;  83±9.9% a t  30  µM;
84±7.12% at 100 µM and 94±5.1% at 300 µM
(Fig .  2  and  3) .  Normal ized  cur ren t  a t
depolarization step to –20 mV was significantly
depressed  a t  a l l  the  concent ra t ion  of  CBZ
(paired Student’s t- test ,  P<0.05 for 10 µM,
30 µM and 100, 300 µM; Fig. 2). At 0 mV
tes t  pu l se ,  the  depress ion  of  cur ren t
ampl i tude  was  observed  as  48±12 .3%,
42±15.2%, 71±17.7% and 90±5.8% at 10, 30,
100  and  300  mM of  CBZ concent ra t ions ,
respectively. Moreover, at –10 mV test-pulse,
the  depress ion  of  cur ren t  ampl i tude
was  40±16 .5%,  49±14 .3%,  61±13 .9% and
88±10.0% at 10, 30, 100 and 300 mM of CBZ

Fig.  1 : Whole cel l  Na + currents  recorded from dorsal
roo t  gang l ion  (DRG)  neurons  and  the i r
depression by CBZ. (A) Voltage pulse protocol
i l lus t ra ted  fo r  the  cur ren t  t r aces  ob ta ined
f rom the  DRG neurons .  In  cont ro l  (B)  or  in
the  presence  of  CBZ,  300  µM (C) ,  the  ce l l s
were  held  a t  –70 mV and then pre-pulsed to
–120  mV fo r  10  ms  fo l lowed  by  t e s t  pu l se
f rom –50 mV to  40  mV in  10  mV s teps  for
50  ms .  CBZ depressed  the  sod ium cur ren t
s ign i f i can t ly .

Fig .  2 : Whole -ce l l  Na + cu r ren t s  in  DRG and  the i r
dose -dependen t  depress ion  by  CBZ.  The  I -V
re la t ionsh ip  o f  the  normal ized  Na + cur ren t ,
aga ins t  the  t es t  po ten t ia l  ( con t ro l )  and  a f te r
15  min  exposure  to  CBZ (10 ,  30 ,  100 ,  300
mM) in  the  ba th .  Da ta  a re  p resen ted  as
mean±SEM (n=13) .  Normal ized  cur ren t  a t
depo la r i za t ion  s t ep  was  s ign i f i can t ly
depressed a t  a l l  the  concentra t ion of  CBZ in
compar i son  wi th  con t ro l  ( two-way  ANOVA,
F-va lue  i s  17 .045  fo r  0  mM,  19 .481  fo r  30
and 100;  12 .003 for  300 mM; P<0.05) .
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concentrat ions,  respectively.  The depression
is  s ta t i s t i ca l ly  s ign i f ican t  a t  a l l  the
concentrat ions of  CBZ compared to control
a t  –20  mV,  –10  mV and  0  mV tes t  pu lse
(one-way ANOVA; pa i red  S tudent ’s  t - tes t ,
P<0 .05) .  The  resu l t s  sugges t  tha t  the
b lockade  of  Na + cur ren t  by  CBZ i s
concentration and voltage-dependent manner.

The  peak  cur ren t  conduc tance  (g Na)  a t
each  po ten t ia l  was  ca lcu la ted  as  a  chord
conduc tance ,  f rom the  cor responding  peak
c u r r e n t :

gNa = INa/(V-VNa)

where  V Na i s  the  Na + cur ren t  reversa l
potential.  The relationship between the peak
INa amplitude and the test potential (V) was
found  to  be  descr ibed  by  the  change  in
conduc tance  wi th  po ten t ia l .  The  mean
maximum value of Na+ conductance, gNa/gmax,
calculated from the peak current elicited by
the step depolarization from pre-pulse level
of  –120 mV was 15.05±0.74 ns for  INa and
after CBZ (300 µM) the gNa/gmax was reduced
to –1.15±3.5.

DISCUSSION

Our  resu l t s  demons t ra te  tha t  CBZ
depressed the Na+ currents in DRG neurons
(Fig. 1). CBZ has different effects at different
ho ld ing  po ten t ia l s .  At  –100  mV hold ing
potent ia l  CBZ has  negl igible  effect  on the
Na + cur ren t s  and  even  10  t imes  h igher
concentration of CBZ produces no more than
10% inhibition of the Na+ currents. However,
a t  a  ho ld ing  po ten t ia l  o f  –70  mV CBZ
signif icant ly  inhibi ted the  Na+ current .  We
have observed the effect at  –70 mV with a
pre-pulse of –120 mV.

Fig-3 Vol tage-dependent  inh ib i t ion  of  Na + cur ren ts
by  CBZ (10-300  µM)  in  DRG neurons .  The
graph  shows  pe rcen tage  inh ib i t ion  by
d i f fe ren t  concen t ra t ion  o f  CBZ a t  t e s t -
po ten t i a l s  –20 ,  –10  and  0  mV (F ig .  2 ) .  Bar
represen t s  mean  +  SEM va lues  o f  13
neurons .  Depress ion  a t  a l l  t he  concen t ra t ion
of  CBZ was  s ign i f i can t ly  d i f f e ren t  in
compar i son  wi th  con t ro l  (pa i red  S tuden t ’ s
t - t e s t ,  t -va lue -  4 .882 ;  d f  =  24 ;  P<0 .05
between the  cont ro l  and  CBZ concent ra t ion) .
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DRG neurons are  heterogeneous in  s ize
as well as in electrophysiological properties
and  represen t  more  than  25  d i f fe ren t
populations that encode a variety of sensory
informat ion  (19–21) .  In te rpre ta t ions  o f
electrophysiological data from isolated cells
require that the same groups of neurons are
isolated with their “current signature” for a
physiological  or pharmacological  study (20,
21) .  In  a  s tudy  repor ted  e l sewhere ,
cons idera t ion  of  the  s ize  o f  neurons  was
avoided for the study of Na+ and K+ currents.
In their study CBZ (50 mM) did not depress
the  Na + cur ren t s  o r  K + cur ren t s  (22) .
However ,  in  our  s tudy  DRG neurons  wi th
diameters  20–25 mm, which are  associa ted
with  C-f ibers  and nocicept ive  sensat ion as
repor ted  e l sewhere  (19) ,  a  concen t ra t ion-
dependent  depress ion  of  Na + cur ren t  was
observed (Fig. 2 and 3). Although cell size is
an approximation of functional class of DRG
neurons ,  s i ze  a lone  i s  no t  the  abso lu te
predictor of functional type of neurons. This
presents  a  di f f icul ty  in  biophysical  s tudies
when the neurons are acutely dissociated for
in vitro  patch clamp study because they are
disconnected from their  targets .  Depression
of sodium current by CBZ was observed in a
concentration- and voltage-dependent manner
in  the  p resen t  s tudy  (F ig .  2 ) .  Fa i lu re  to
observe a CBZ effect could be related to the
fac t  tha t  s ize  dependent  se lec t ion  of  DRG
neurons and restr ict ion of the DRGs to the
lumbar  reg ion  of  the  sp ina l  cord  for  the
e lec t rophys io log ica l  s tud ies  was  no t  used
(22).

Severa l  mechanisms  could  exp la in  the
CBZ inhibition in a sub population of DRG
neurons.  Al though their  pr inciple  act ion is
usual ly  explained through a  suppression of
vol tage-gated Na + conductance as  observed

in  th i s  s tudy .  There  i s  a  con t inuous ly
increas ing  number  of  repor ts  showing tha t
the block of other ionic channels (Ca2+,  K+

or  t ransmi t te r -ac t iva ted)  may  a l so  be
involved (23–24). Among them, Na+ channels
represent  the  most  d iverse  family  of  ionic
channe ls  wi th  mul t ip le  phys io log ica l
functions.  CBZ increased the fast  and slow
time constants for recovery from inactivation
and the fraction of the fi t  at tr ibuted to the
slow time constant (25).

The Na+ channels are mostly involved in
the  sp ike  genera t ion  and  propaga t ion  in
peripheral  axons,  central  neurons and their
suppress ion  by  loca l  anes the t ics  d i rec t ly
resu l t s  in  a  conduc t ion  b lock .  We have
observed  s ign i f ican t  depress ion  of  Na +

cur ren t  in  a  concen t ra t ion-  and  vo l tage-
dependent  manner .  Some repor t s  descr ibe
that there is no significant depression of Na+

current after exposure of CBZ. But, in these
s tud ies  s ize  o f  the  DRG neurons  was  no t
taken  in to  cons idera t ion  (22) .  The  Na +

channel  inhibi t ion was  more  potent  a t  –20
mV depolarized potentials.  CBZ exhibited a
significant depression in the normalized peak
current  between 10 –300 µM.

In  conc lus ion ,  we  have  shown tha t  a
population of DRG neurons are sensitive to
CBZ and  depress  Na + cur ren t s .  These
f ind ings  con t r ibu te  towards  the  poss ib le
mechanism of action of CBZ so as to inhibit
the neurotransmitter release.  Our study also
ind ica tes  tha t  the  depress ion  of  the  non-
inactivating current component would affect
the act ion potent ia l  waveform in the small
DRG neurons .  This  wi l l  be  conf i rmed
exper imenta l ly  us ing  cur ren t  c lamp
measurements  o f  ac t ion  po ten t ia l
waveforms .
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