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Cocaine decreases the glycine-induced Cl~ current of acutely dissociated
rat hippocampal neurons
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Abstract

The effects of cocaine on glycine-induced Cl~ current (15, ) of single neurons, freshly isolated from the rat hippocampal CA1 area,
were studied with conventional whole-cell recording under voltage-clamp conditions. Cocaine depressed I,  in a concentration-depen-
dent manner, with an 1Cg, of 0.78 mM. Preincubation with 1 mM cocaine alone had no effect on Ig, v, suggesting that resting glycine
channels are insensitive to cocaine. The depression of I by cocaine was independent of membrane voltage. Internal cell dialysis with
1 mM cocaine failed to modify I y. Because the depression of |5 was noncompetitive, cocaine may act on the glycine
receptor—chloride ionophore complex at a site distinct from that to which glycine binds. The cocaine suppression of 1, y was unaffected
by 1 wM tetrodotoxin and 1 wM strychnine. Blockers of protein kinase C (Chelerythrine), kinase A (N-[2-((p-
bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide HCI, (H-89)) and Ca-calmodulin-dependent kinase (1-[ N,O-bis(5-isoquinoline-
sulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine (KN-62)) were also ineffective, which suggests that these phosphorylating mechanisms
do not modulate cocaine-induced suppressant action on lg . This extracellular, strychnine-independent depression of g, may
contribute to cocaine-induced seizures. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Despite many investigations, the mechanisms underly-
ing the toxic and sometimes fatal consequences of cocaine
abuse remain unclear. Because the psychostimulant and
euphoric effects of cocaine are associated with blockade of
dopamine uptake in the central nervous system, severa
investigators have examined the possible role of dopamin-
ergic mechanisms in cocaine-induced seizures and death
though it is known that cocaine can induce convulsions
even after severe depletion of dopamine from rat brain
(Mason and Corcoran, 1979).

Besides its depressant effect on dopamine uptake, co-
caine is alocal anesthetic, which blocks voltage-dependent
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Na channels (Khodorov et al., 1976; Wang, 1988). At high
blood concentrations, other local anesthetics, including
lidocaine, also produce seizures (Post and Weiss, 1989).
Accordingly, the convulsant actions of cocaine could be
related to its local anesthetic properties (Post and Weiss,
1989). However, in low doses, cocaine and other local
anesthetics are anticonvulsant (Fischer et d., 1992; Zhu et
al., 1992, 1993). Though high concentrations of local
anesthetics are neurotoxic, equivalent doses of tetrodotoxin
(a particularly selective Na channel blocker), are not.
These data suggest that local anesthetic neurotoxicity does
not result from blockade of voltage-gated Na channels
(Sakura et al., 1995). Cocaine's local anesthetic properties
therefore cannot account for its ability to induce seizures.

Inhibitory neurotransmission may be a relevant target of
cocaine. For example, cocaine inhibits y-aminobutyric acid
(GABA) release in the ventral tegmental area (Cameron
and Williams, 1994). It aso depresses GABA ,-induced
inhibitory postsynaptic potentials of CA1 pyramida neu-
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rons (Dunwiddie et al., 1988), and directly depresses post-
synaptic GABA-induced current of hippocampa neurons
(Ye et al., 1997ab,c). Repeated injections of cocaine
decrease the function of striatal GABA , receptors (Peris,
1996). Furthermore, central nervous system depressants,
such as benzodiazepines and barbiturates can prevent and
treat seizures induced by local anesthetics, including co-
caine (Derlet and Albertson, 1990; Barat and Abdel-Rah-
man, 1996).

Glycineis another inhibitory neurotransmitter. Immuno-
logical and molecular cloning studies have revealed that
the glycine receptor is widely distributed not only in the
spinal cord and brain stem, but throughout the mammalian
central nervous system (Betz, 1991). For example, glycine
receptor mMRNA has been found in severa brain regions,
including the cerebral cortex and the hippocampus(Malosio
et al., 1991). According to Hara et al. (1995), another local
anesthetic, lidocaine, reduces currents evoked by exoge-
nous inhibitory neurotransmitters applied to dissociated
hippocampal neurons; |, y was more sensitive than Igaga-

The aim of the present study is to determine whether
cocaine decreases g , Whether any such effect is direct
or mediated by blocking Na channels and whether it is
modulated by phosphorylation. A possible interaction be-
tween cocaine and strychnine was also investigated in
order to explore the site of cocaine's action on glycine
receptors.

2. Methods
2.1. Isolation of neurons

Hippocampal pyramidal neurons were prepared as de-
scribed previously (Ye et a., 1997a). The 7- to 17-day old
Sprague—Dawley rats were decapitated and their brains
quickly excised and placed into iced ‘standard external
solution’ containing (in mM) NaCl 140, KCI 5, MgCl, 1,
CaCl, 2, glucose 10, and HEPES 10 (pH was adjusted to
7.4 with Tris base, and the osmolarity to 320 mosM with
sucrose). To avoid possible interference by a general anes-
thetic, no anesthetic was given prior to decapitation. The
experimental protocol was approved by the Institutional
Animal Care and Use Committee.

The isolated brain was glued to the chilled stage of a
vibratome (Campden Instrument, England) and sliced to a
thickness of 400 pm. The dlices were then incubated at
31°C in buffer containing 1 mg pronase/6 ml for 20 min,
before incubation in 1 mg thermolysine/6 ml for an
additional 20 min. Micro-punches of the hippocampus
CAl area were then isolated, transferred to a 35-mm
culture dish and subjected to mild trituration through heat
polished pipettes of progressively smaller tip diameter, in
order to isolate single neurons. Within 20 min of this
procedure, isolated neurons had attached to the bottom of
the culture dish and were ready for electrical recording.

2.2. Whole-cdll recording

Membrane currents were recorded (Axopatch 1D, Axon
Instruments, Foster City, CA, USA) with conventiona
whole-cell technique. pPCLAMP software (Axon Instru-
ments) executed voltage clamp protocols and acquired
data. The junction potential was nulled immediately before
each seal was made in whole-cell recording. Routinely,
80% of the series resistance was compensated, resulting in
approximately 3 mV error for a 1 nA current. The patch
electrode had a resistance of 3—5 M () when filled with the
standard internal solution, containing (in mM): CsCl 120,
tetraethylammonium chloride (TEACI) 21, MgCl, 4, CaCl,
1, EGTA 11, HEPES 10, ATP 2, and GTP 0.1; pH was
7.2. Given these internal and external solutions, the calcu-
lated equilibrium potential for chloride ions was 0 mV. All
experiments were performed at room temperature (20—
23°C).

2.3. Drugs

Solutions of glycine, strychnine, tetrodotoxin, protease
(type X1V, P5147), thermolysine (Type X, P1512) (Sigma,
St. Louis, MO), N-[2-(( p-bromocinnamyl)amino)ethyl]-5-
isoquinolinesulfonamide HCI (H-89), chelerythrine, and
1-[ N,O-bis(5-isoquinolinesul fonyl)-N-methyl-L-tyrosyl ]-4-
phenylpiperazine (KN-62) (Calbiochem, San Diego, CA,
USA) were prepared on the day of recording. Drug solu-
tions were applied to dissociated neurons via a superfusion
system having a multi-barreled pipette (as described previ-
oudly by Ye et a. (1997a). The tip of the superfusion
pipette was usually 50 to 100 pm away from the cell, a
position which alowed rapid and uniform drug applica
tion, without loss of the cell’s mechanical stability. Com-
plete exchange of solutions in the vicinity of the recorded
neuron, took less than 20 ms. Throughout all experimental
procedures, the bath was perfused with the standard exter-
nal solution.

2.4. Satistics

Experimental values are presented as mean + standard
error of the mean (SEM). Means were compared by Stu-
dent’s t-test, p<0.05 being considered significant. To
evaluate the haf-maximal effective concentration of
glycine (EC.,) and the Hill coefficient (n), the Micha
elis-Menten equation (1 /1., = 1/(1 + (EC5,/C)™) was
fit to the data by the method of least-squares. In the
equation, | is the observed Ig y, I, the maximum
current, C is the glycine concentration and n is the Hill
coefficient. To evaluate the cocaine concentration giving
half-maximal inhibition of 15 v (ICg,) and the Hill coeffi-
cient (n), the mirror image of the Michaelis—Menten equa-
tion (1 /1,5 =1/(1+ (C/1C5)™) was fit to the data by
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Fig. 1. Co-application of cocaine and glycine inhibited glycine-induced
current, while preincubation with cocaine had no effect on Ig y. (@
Current in response to 30 .M glycine aone. (b) Co-application of 1 mM
cocaine and glycine depressed g, y after 1 min preincubation with 1 mM
cocaine. (c) The 1-min preincubation with 1 mM cocaine had no effect on
IgLy in response to glycine applied alone. (d) Co-application of 1 mM
cocaine and glycine, without cocaine preincubation, depressed Ig, y. (€)
lgLy recovered after 2 min wash. Note: All records are from the same
neuron. Holding potential was —50 mV.

the least-squares method. In this equation, C is the antago-
nist (cocaine) concentration.

3. Results

3.1. Cocaine decreases glycine-induced currents of
hippocampal neurons

Glycine (1-1000 M) elicited a current (g, ) in about
85% of the hippocampal neurons examined, with a thresh-
old concentration of 3 to 10 WM. | , reversed direction
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Fig. 2. Cocaine decreases glycine-induced current in a concentration-de-
pendent manner. (A) Representative whole-cell current response of a
hippocampal neuron to 30 wM glycine (empty bars), or in combination
with 0.1 mM, 0.3 mM, or 1 mM cocaine (stippled bars). Holding
potential was —50 mV. (B) Concentration—response relation for cocaine
suppression of Ig y. Normalized pesk current in response to 30 wM
glycine plus various concentrations of cocaine is plotted as a function of
the cocaine concentration; peak current was first normalized to the value
obtained in response to 30 wM glycine alone. Each data point is the
mean+ SEM of five to six neurons. The ICg, and Hill coefficient were
0.78 mM and 1.2, respectively.

near 0 mV, the calculated equilibrium potentia for chlo-
ride ions. When applied alone, cocaine (0.01-6 mM) had
no detectable effect on membrane current. When co-ap-
plied with glycine, cocaine depressed Ig , (Fig. 1. In
contrast, when co-applied with kainate (200 .M), 1 mM
cocaine had no appreciable effect on kainate-induced cur-
rent, though it depressed I  in the same neurons (data
not shown). As illustrated in Fig. 2, cocaine decreased
lgLy in aconcentration-dependent manner, with an 1C, of
0.78 mM.

Cocaine (1 mM) effectively suppressed I,  evoked by
subsaturating (Fig. 3A-a) and saturating (Fig. 3A-b) con-
centrations of glycine (Fig. 3). Thisis further demonstrated
by the concentration—response plots obtained in the ab-
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Fig. 3. Cocaine decreased glycine-induced current over wide range of
glycine concentrations. (A) The records are representative current traces
in response to 10 uM (A-a) and 1 mM (A-b) glycine recorded from a
hippocampal neuron in the absence (empty bars) and presence (stippled
bars) of 1 mM cocaine. All records are from the same cell. Holding
potential was —50 mV. (B) Concentration—response relationships for
glycine (10-1000 M) in the absence (O) and in the presence of 1 mM
cocaine (@). Peak Ig y was plotted as a function of glycine concentra-
tion. Each data point represents the mean of five to seven neurons. For
each cell, the data were normalized to the current evoked by 30 wM
glycine in the absence of cocaine. The ECg, and Hill coefficient were 51
wM and 1.4, respectively, for glycine aone; 80 .M and 1.4, respectively,
for glycine plus 1 mM cocaine. (C) Double-reciprocal plot of cocaine
suppression of g y, suggesting a noncompetitive inhibition.
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Fig. 4. Cocaine suppression of glycine-induced current is voltage-inde-
pendent. The suppressant effect of cocaine on the current—voltage rela-
tionship of g y was studied with voltage ramps (1 mV /ms) ranging
from —110 to + 60 mV. Drugs were applied to the cell and covered the
second ramp of each pair. Traces obtained from the first ramp served as
background (or leakage current). The difference current—voltage curves
were obtained by subtracting the current trace produced by the first ramp
from that produced by the second ramp. (A) Typical Ig y recorded from
a neuron exposed to 30 wM glycine aone (left) and in combination with
1 mM cocaine (right). (B) Current—voltage curves derived from A, show
that cocaine suppressed g y at al potentials without changing its
reversal potential. (C) To determine any voltage dependence, currents
recorded in control (O) and in the presence of cocaine (@) were first
normalized to the values obtained at 60 mV. The superimposed normal-
ized current—voltage relations from the same experiment of (B) show that
suppression of Ig y by cocaine is voltage-independent.

sence and presence of cocaine (Fig. 3B). The EC,, for
glycine in the absence and presence of 1 mM cocaine was
51 and 80 wM (n=4), respectively. The Lineweaver—
Burke double reciprocal plot in Fig. 3C suggests that
cocaine does not compete with glycine.

To explore the voltage-dependence of cocain€'s sup-
pressant effect, we studied the current—voltage relations of
lgLy in the absence and presence of cocaine. Fig. 4 shows
cocaine's effect was not altered over a wide range of
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Fig. 5. Effect of internal cell dialysis with cocaine on glycine-induced
current. 30 wM glycine (empty bars) was repeatedly applied at 2 min
intervals over a period of 30 min immediately after gaining the whole-cell
configuration. The patch pipette contained 1 mM cocaine, holding poten-
tial was —50 mV. As can be seen, internal cell dialysis with cocaine did
not affect g y. After 20 min recording of the cocaine-loaded cell, an
additional extracellular application of 1 mM cocaine (stippled bar)
resulted in the inhibition of 1 . The current recovered to control level
after 2 min washout of cocaine containing superfusate.
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Fig. 6. Tetrodotoxin (TTX) effect on cocaine inhibition of glycine-in-
duced current. (A) Representative whole-cell current responses to 30 uM
glycine alone (empty bars), or in combination with 1 mM cocaine
(stippled bars). External application of 1 .M tetrodotoxin (stippled bars)
had no effect on I y; cocaine still depressed Ig, v in the presence of
TTX (stippled bars). Holding potential was —50 mV. (B) Cocaine
depressed I  to the same extent in the absence and the presence of 1
wM tetrodotoxin. Each column represents the mean+ SEM (n=5).

membrane voltage. In addition, the reversal potential of
Iy remained close to equilibrium potential for chloride
ions, indicating that the glycine-activated channels re-
mained selectively permeable to Cl~. Similar results were
obtained from four other neurons.

To further determine whether the site of action of
cocaine is intracellular or extracellular, experiments were
carried out with cocaine-containing microelectrodes. Im-
mediately after the start of whole-cell recording, I  was
repeatedly elicited by brief pulses of glycine (30 wM),
applied at 2-min intervals (Fig. 5). After 20 min of cell
dialysis with 1 mM cocaine, the amplitude of 1, , did not
significantly differ from that observed just after rupturing
the membrane (n = 5). By contrast, an additional extracel-
lular application of 1 mM cocaine to the cocaine-contain-
ing neurons decreased Iy, by 46+ 8% (n=05), an
amount similar to the 44 + 7% (n =5, p > 0.10) observed
in neurons recorded with the standard pipette solution.
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Fig. 7. Strychnine effect on cocaine inhibition of glycine-induced current.
Cocaine depressed I y to the same extent in the absence and in the
presence of 1 wM strychnine. Each column represents the mean+ SEM
(n=75).
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3.2. Interactions between cocaine and tetrodotoxin or
strychnine

To explore whether cocaine's effect on I  is related
to its local anesthetic properties (Khodorov et a., 1976;
Wang, 1988), we studied the effect of tetrodotoxin (a more
selective Na channel blocker) on the cocaine-mediated
suppression of lg y. As can be seen in Fig. 6, in the
presence of 1 M tetrodotoxin, 1 mM cocaine decreased
leLy by 42+ 6% (n=4), which is not significantly dif-
ferent from the 45+ 7% (p>0.10, n=4) depression
seen in the control tests.

Strychnine is a glycine receptor antagonist and is a
convulsant (Curtis, 1967). To explore whether cocaine acts
at the strychnine-binding site on the glycine receptor—Cl ~
channel complex, we compared cocain€'s action in the
absence and presence of strychnine. As illustrated by Fig.
7, in the presence of 1 wM strychnine, cocaine decreased
lg.y by 444+ 6% (n=5), an amount not significantly
different from the 42 + 6% ( p> 0.10, n=5) observed in
the control tests.

3.3. PKC-, PKA- or CaMKII-mediated phosphorylation is
not involved in the cocaine-induced depression of I,y

To explore a possible role of glycine receptor phospho-
rylation, we studied the effects of chelerythrine (a protein
kinase C inhibitor), H-89 (a cAMP-dependent protein ki-
nase inhibitor), and KN-62 (a Ca?* /calmodulin-dependent
protein kinase inhibitor) on the cocaine-induced reduction
of lg y. There are numerous examples of modulation of
receptor or ion channel function via mechanisms that are
unrelated to their effects on cellular pathways regulating
receptor phosphorylation and dephosphorylation, e.g., low
affinity interactions with various external binding sites on
the receptor (Lambert and Harrison, 1990). To circumvent
this, we took advantage of conventional whole-cell record-
ing, which allowed us to directly apply agents inside the
cells, near the sites where phosphorylation or dephospho-
rylation takes place. As shown in Fig. 8, after the neurons
were dialyzed with 1 wM chelerythrine, 1 wM H-89, or 20

current amplitude
(% of control)

cocaine +CLT +H-89 +KN-62

Fig. 8. Effects of intracellular application of chelerythrine (CLT, 1 wM),
H-89 (1 wM), and KN-62 (20 wM) on cocaine inhibition of glycine (30
wM)-activated currents. Each column represents the mean+ SEM of five
to seven neurons.

wM KN-62 for 30 min, I remained stable. In cells
dialyzed with chelerythrine, H-89, and KN-62, respec-
tively, externa applications of 1 mM cocaine resulted in
decreases of Ig y by 424+ 7% (n=5), 45+ 6% (n = 4),
46 + 7% (n=5)—amounts not significantly different
from the 41 + 6% depressions observed in the control tests
(n=7.

4, Discussion

In this study of isolated hippocampal neurons, we ex-
amined the depressant effect of cocaine on I, , evoked by
exogenous glycine. We observed that the depression of
Iy by cocaine is concentration-dependent, with an ICq,
of 0.78 mM. This is similar to the 0.67 mM ICg, for
cocaine inhibition of 10 wM GABA-induced currents of
hippocampal neurons, recorded with conventional whole-
cell technique (Ye et d., 1999). Both GABA and glycine
are inhibitory neurotransmitters in the central nervous sys-
tem (Betz, 1991). Other local anesthetics, such as lido-
caine, aso reduce currents elicited by inhibitory transmit-
ters which can induce seizures (Post and Weiss, 1989). It
is therefore likely that reduction of glycine- and GABA-in-
duced currents contributes to the mechanism of cocaine-in-
duced seizures.

In their resting state, the glycine-controlled channels
were not affected by preincubation in the presence of
cocaine. This contrasts with our recent report that preincu-
bation with cocaine caused much stronger suppression of
lgapa (in nystatin-perforated whole-cell recordings) than
when cocaine was co-applied with GABA (Ye et a.,
1997a). This effect of cocaine on resting GABA receptor-
channels warrants further study. Some factors, such as
protein kinases mediating cocain€e' s action on resting chan-
nels may be washed out in conventional whole-cell record-
ing. On the other hand, there may be a significant differ-
ence in this regard between receptors for GABA and for
glycine.

Asin the case of GABA receptors, the effect of cocaine
on glycine receptors was voltage-independent (Fig. 4).
This suggests that the site of cocaine's action is not inside
the channel or near its inner opening, in keeping with the
lack of effect of internally-applied cocaine. Cocaine must
therefore act at an extracellular site, by a mechanism
different from its voltage-dependent block of Na channels
having relevant binding sites which are probably inside the
channel or close to the cytoplasm (Khodorov et al., 1976;
Wang, 1988). The lack of interaction between tetrodotoxin
and cocaine is further evidence that cocaine acts directly
on lg v, by a mechanism distinct from its local anesthetic
site of action.

Since 1 mM cocaine suppresses the maximal Ig v,
cocaine inhibition of I, is noncompetitive, probably
affecting the glycine receptor—chloride ionophore complex
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at a site distinct from that to which glycine binds. Accord-
ing to a previous study (Vandenberg et al., 1992), the
binding sites for glycine and strychnine are mutualy inter-
active and possibly overlapping. In our study, however,
cocaine decreased I , to the same extent in the absence
and the presence of strychnine, which suggests that co-
caine and strychnine bind to independent sites on the
glycine receptor /channel complex.

Changes in phosphorylation provide an important means
of regulating the function of ligand-gated ion channels
(Walaas and Greengard, 1991; Raymond et a., 1993).
PKC, PKA and CaMKIl modulate the phosphorylation of
glycine receptors (Vagello et a., 1994; Wang and Randic,
1996). In a previous study (Ye et d., 1997b), we observed
that phosphorylation can modulate the cocaine-induced
suppression of Igaga. IN the present experiments, the
depressant effect of cocaine on gy was not atered by
chelerythrine, H-89, or KN-62, drugs that block PKC,
PKA and CaMKIIl activity, respectively. Thus, the
cocaine-induced suppression of |, may be independent
of the phosphorylation state of glycine receptors.

In conclusion, cocaine has a direct inhibitory action on
postsynaptic glycine receptors, at an extracellular site dis-
tinct from the binding site for glycine and strychnine. The
suppression of | y, @ current activated by an important
inhibitory synaptic transmitter, may contribute to the
mechanism of cocaine-induced seizures.
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