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SUMMARY

1. Intracellular recording techniques were used to study the actions of the
transition ion, zinc, on CAI and CA3 pyramidal neurones in adult rat hippocampal
slices.

2. Zinc (300 /SM) hyperpolarized pyramidal neurones, increased the membrane
excitability and also induced periodic, spontaneous giant depolarizing potentials
associated with a conductance increase mechanism.

3. The occurrence of spontaneous giant depolarizations was dependent on the zinc
concentration (10 #M-1 mM) with an apparent dissociation constant of 98 /LM. The
frequency of zinc-induced depolarizations was unaffected by the membrane potential
from -50 to -100 mV.

4. Stimulation of the Schaffer collaterals or mossy fibre pathways evoked an
excitatory and inhibitory synaptic potential complex. In the presence of zinc, nerve
fibre stimulation evoked, in an all-or-none fashion, a giant depolarizing potential
with an increased membrane conductance. Both spontaneous and evoked
depolarizations were inhibited by 1 ftM tetrodotoxin.

5. Evoked giant depolarizations were labile with too frequent stimulation resulting
in a failure of generation. A minimum time of 140 s was required between stimuli to
ensure successive giant depolarizations.

6. Spontaneous and evoked zinc-induced depolarizing potentials were inhibited by
bicuculline (10 ,tM) or picrotoxin (40 1uM) and enhanced by pentobarbitone (100 /,M)
or flurazepam (10 /LM), suggesting that these potentials are mediated by activation of
y-aminobutyric acidA (GABAA) receptors.

7. lonophoretic application of GABA produced biphasic responses at -60 mV
membrane potential. The reversal potentials for the depolarizing and hyperpolarizing
GABA responses were -56+ 5 and -66+ 8 mV respectively. The giant
depolarizations induced by zinc reversed at -57 +4 mV. This suggests a dendritic
location for the generation of these potentials.

8. Excitatory amino acid antagonists, 2-amino-5-phosphonovalerate (APV,
40 ftM) or 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10#M) did not affect the
amplitude but slightly reduced the frequency of the giant depolarizations.

9. It is concluded that zinc induces a synchronized release of GABA, quite
independent of intact excitatory synaptic transmission, which acts on GABAA
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receptors producing large depolarizing synaptic potentials. This increased level of
GABA release may be of physiological and pathological importance since zinc is a
naturally occurring metal ion endogenous to the central nervous system.

INTRODUCTION

A considerable number of studies have identified the presence of zinc in the
mammalian central nervous system (CNS) using a variety of histochemical
techniques, including silver amplification (Danscher, 1984), chelation with dithizone
(Danscher, Howell, Perez-Clausell & Hertel, 1985) and quinoline fluorescence
(Frederickson, Kasarskis, Ringo & Frederickson, 1987). These procedures can, in
principle, detect the presence of metals other than just zinc, but only zinc can be
detected by all three methods (see Frederickson, 1989, for comprehensive review).
Using these techniques, various areas of the CNS have been identified containing
'histochemically reactive zinc'. Overall, this pool of zinc represents only a small
percentage of the total stores in the CNS, but interestingly it appears to be closely
associated with nerve terminals (Frederickson, 1989).

Zinc.is concentrated within neurones, defined by Frederickson (1989) as 'zinc-
containing neurones', in selected areas of the CNS forming an extensive network
throughout the cortex, hippocampus and cerebellum (Haug, 1973; Crawford &
Connor, 1972; Faber, Braun, Zuschratter & Scheich, 1989). The hippocampus
exhibits one of the largest concentrations of zinc which is mostly localized to the
mossy fibre pathway running from the dentate gyrus granule cell bodies and
synapsing with the apical dendrites of large pyramidal neurones in the CA3 region
(see Haug, 1973, for review). Zinc can be actively taken up into nerve terminals
(Wolf, Schutte & Romhild, 1984; Wensink, Molenaar, Woroniecka & Van Den
Hamer, 1988) and stored within structures resembling synaptic vesicles (Ibata &
Otsuka, 1969; Friedman & Price, 1984; Perez-Clausell & Danscher, 1985; Holm,
Andreasen, Danscher, Perez-Clausell & Nielsen, 1988). Moreover, other investigators
have established that zinc can also be released in a calcium-dependent manner by
applying electrical or chemical stimulation to the mossy fibre pathway (Assaf &
Chung, 1984; Howell, Welch & Frederickson, 1984; Charlton, Rovira, Ben-Ari &
Leviel, 1985).
An indication of possible physiological or neuromodulatory roles for zinc was

prompted when this divalent cation was observed to interact with both inhibitory
and excitatory amino acid receptors (Smart & Constanti, 1983; Peters, Koh & Choi,
1987; Westbrook & Mayer, 1987; Mayer, Vyklicky & Westbrook, 1989; Smart &
Constanti, 1990; Smart, 1990). Many of these studies utilized tissue cultured
neurones which allowed greater access for study by electrophysiological methods,
but such preparations are devoid of their in vivo synaptic connections and native
neuronal circuitry. Very few studies have examined the effect of zinc on neurones in
brain slices. Recently, an intracellular study using hippocampal slices from immature
animals indicated that a large depolarizing synaptic potential in CA3 neurones,
mediated by activation of y-aminobutyric acidA (GABAA) receptors, may be caused
by endogenous zinc (Xie & Smart, 1991 a). These depolarizing potentials are not
present in older, more mature hippocampal neurones, but similar potentials can be
induced by the application of zinc.
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In the present study we have characterized in detail the effects of zinc on the
properties of pyramidal neurones in both CAt and CA3 regions, and examined the
actions of zinc on synaptic transmission in the adult hippocampal brain slice
preparation. Some of our preliminary results have been presented in abstract form
(Xie & Smart, 1991 b).

METHODS

Brain slice preparation
CAI and CA3 pyramidal neurones were studied in transverse hippocampal slices prepared from

male Wistar rats using a Mcllwain tissue chopper. Adult rats (200-300 g mass) were anaesthetized
by ether inhalation and guillotined prior to the rapid removal of the brain. Hippocampal slices were
cut to 400 Iam thickness and preincubated for 1 h in a Krebs solution containing (mM): NaCl, 118;
KCl, 3; CaCl2, 2-5; MgCl2, 2; NaHCO3, 25; D-glucose, 11, bubbled with 95% 02-5% Co2, pH 7-4.
A single slice was placed into the recording chamber and fully submerged between two pieces of
nylon mesh and then superfused continuously at 6 ml/min (bath volume 1 ml) with oxygenated
Krebs solution at 30 'C. All the other slices were maintained in the incubation chamber at room
temperature (20-25 °C) until required. To enhance the action ofNMDA, nominally zero magnesium
Krebs solution was used to which 10 /tM glycine was added (Johnson & Ascher, 1987). To inhibit
activation of NMDA receptors, the extracellular concentration of magnesium was raised to 4 mm,
with nominally zero glycine concentration. Most drugs were dissolved in Krebs solution and
applied via superfusion at known concentrations. GABA (1 M, pH 4, dissolved in distilled water)
was also applied using ionophoresis from single-barrelled ionophoretic electrodes. All ionophoretic
pipettes were positioned in the apical dendritic field for both CAl and CA3 neurones.

Maintenance of brain slices in vitro for 24 h
Occasionally, some slices were used after 24 h following dissection. Slices were kept overnight at

room temperature and suspended on a nylon mesh from a 'tea strainer' submerged in a large
volume of Krebs solution (250 ml) bubbled with 95% 02-5% CO2. These '24 h old' slices were
viable, with the neurones exhibiting virtually identical membrane and synaptic properties when
compared with cells in 'fresh' slices. Data were therefore pooled from slices of either age. Increasing
the incubation time for brain slices in vitro in normal Krebs solution from 36 to 48 h proved
unsuccessful with very few viable neurones.

Electrophysiology
Intracellular recordings were performed on pyramidal neurones in CAl and CA3 subfields using

a single microelectrode current-voltage clamp preamplifier (Dagan 8100). The switching frequency
was 2-3 kHz (25% duty cycle) after adjustment of the capacity neutralization in switch clamp
operating mode. Sampled membrane currents and voltages were recorded on a Brush-Gould ink
pen chart recorder (2200) and also stored on a Racal store 4D FM tape recorder (DC to 5 kHz) for
analysis using a Tandon or Mission 286-based computer system. Intracellular microelectrodes were
filled with either 3 M KCl or 4 M potassium acetate (resistances 40-70 MQ) and buffered to pH 7-1.
Orthodromic stimulation (6-40 V, 0-1 ms) was applied to the slices using bipolar stainless-steel
stimulating electrodes with a separation of < 50 ,um. These electrodes were located in stratum
lucidum for stimulating the mossy fibre input to CA3 and also placed in stratum radiatum for
stimulating the Schaffer collateral afferents to the CAI subfield. The data reported in this study
were taken from recordings in 245 neurones including both CAI and CA3 cells. Neurones were
selected for study if the resting membrane potential was at least -60 mV with action potential
amplitudes of 90-100 mV. Intracellular recordings were stable for 1-6 h. Data are presented as the
mean + standard deviation (S.D.) and statistical significance was assessed where appropriate using
an unpaired t test.

RESULTS

Induction of spontaneous depolarizing potentials by zinc in pyramidal neurones
Intracellular recordings from adult rat pyramidal neurones in either CA1 or CA3

regions using KCl-filled microelectrodes are characterized by a background activity
of small amplitude (2-9 mV) synaptic potentials, mediated largely by GABAA
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receptor activation. After bath application of zinc (50-300 ,AM), the membrane was
gradually hyperpolarized by 3-8 mV from the resting membrane potential
(-68 + 5 mV, n = 69) with a concurrent increase (20%) in the cell input resistance
(42 + 12 MQ in control Krebs solution, 51 + 15 MQ in zinc, P < 0 01, Fig. LA). Zinc

A r 300upM zinc ->

-70~~~~~~

-70 120 mV

0.5 nA

60 s

B

2 s

C
Control 300 pM zinc W + 20

50 ms

Fig. 1. Effect of zinc on CAL pyramidal cell properties. A, chart recording of membrane
potential and superimposed hyperpolarizing electrotonic potentials (upper trace) evoked
by -0-3 nA, 300 ms, 0-2 Hz current pulses (lower trace). Bath-application of zinc
(300 4tm; open triangles) induced a slow hyperpolarization and the appearance of giant
depolarizing potentials (@) after 4 min incubation. Repolarizing the cell to -70 mV with
DC current injection did not affect the spontaneous depolarizations. In this and all other
figures unless otherwise specified, recordings were made using 3 M KCl-filled micro-
electrodes. B, in a different CAl neurone using a potassium acetate-filled microelectrode,
a single zinc-induced depolarization is associated with a large increase in the input
conductance (lower trace) monitored by repetitive injection of current pulses (upper
trace, -0 3 nA, 300 ms, 1 Hz). Associated action potential firing was usually restricted to
the early rising phase of the depolarizing potential. Membrane potential -72 mV. C,
superimposed electrotonic potentials (lower traces) produced by depolarizing or
hyperpolarizing current pulses (upper traces; 041 nA steps, 300 ms) in the absence and
presence of zinc (300 ,am) and following a 20 min recovery from zinc. Membrane potential
-70 mV, maintained with current injection. Voltage and current calibration in A also
applies to B and C.
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Fig. 2. A, zinc induced the appearance of giant depolarizing potentials (GDPs) in a

concentration-dependent manner. The percentage of neurones exhibiting spontaneous
GDPs is plotted against the zinc concentration (#M). Percentages were determined at each
concentration from 8 to 127 separate applications of zinc to 205 CAI and CA3 neurones.

The data were fitted by a curve generated from a state equation of the form;
Y/Ymax-= I/{ + (K/A)n}, where Y/Ymax represents the relative proportion of neurones

exhibiting GDPs, A is the zinc concentration, n the Hill coefficient and K the apparent
dissociation constant for zinc. K and n were estimated using a Marquardt non-linear least
squares fitting routine as 983 + 87 IUM and 19 + 03 (mean+S.E.M.) respectively. B, the

-70
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reduced the action potential accommodation causing multiple spike firing after
injection of depolarizing current into the neurone. The after-hyperpolarization
following each action potential was also reduced (Sim & Cherubini, 1990); however,
the inward rectifying properties of these cells (Halliwell & Adams, 1982), typified by
the 'sag' in the hyperpolarizing electrotonic potentials, were unaffected (Fig. 1 C).

In the presence of zinc, spontaneous depolarizing potentials also appeared with
characteristically large amplitudes of 39 + 9 mV (n = 52) and durations of 2-4 s.
These values are 5- to 20- and at least 100-fold greater than the respective mean
amplitudes and durations determined for the spontaneous 'background' synaptic
potentials. The large depolarizing events invariably terminated with a small
hyperpolarization of 2-6 mV and duration of 1-3 s (Fig. 1A).

Similar depolarizing events were also recorded at the resting membrane potential
(approximately -70 mV) in neurones using 4M potassium acetate-filled micro-
electrodes. However, the depolarizations were smaller in amplitude and produced
a less intense firing of action potentials (mean amplitude 15 + 6 mV, n = 27). Each
depolarizing potential, recorded with either electrolyte, was associated with an
increased membrane conductance which abolished the firing of action potentials
often evoked during the early phase of the depolarization (Fig. 1B).
The ability of neurones to support the zinc-induced depolarizing events was quite

robust, since they also occurred in slices maintained in vitro for over 24 h and are
therefore not due to acute damage following the preparation of 'fresh' brain slices.

Spontaneous depolarizations are dependent on zinc concentration
The threshold concentration of zinc which induced the spontaneous depolarizing

events varied between different hippocampal neurones, even within the same brain
slice. If no large depolarizing events were observed after incubation with zinc for
10-15 min, then this concentration was deemed ineffective. In some neurones, up to
three different concentrations of zinc were applied before any depolarizing events
occurred. A recovery from the effects of the preceding dose of zinc was gauged by
monitoring the resting membrane properties. The relationship between zinc
concentration and the induction of the synaptic events can be described by a
sigmoidal curve, with a threshold concentration of 20-30/UM and an apparent
dissociation constant for zinc of 98 /tM. Increasing the zinc concentration to 300 /tM,
resulted in most cells (> 90°%; n = 121) exhibiting depolarizing events (Fig. 2A).

In any one cell, the spontaneous depolarizations appeared with a consistent
periodicity. The mean time interval between successive events was 117+62 s
(n = 52), but there was considerable variation in the mean intervals between
different cells (20-200 s). The frequency was apparently unaffected by the membrane

frequency of zinc-induced depolarizations is independent of membrane potential. Chart
records of spontaneous giant depolarizations and IPSPs in the presence of 300 /LM zinc in
a CAI neurone at membrane potentials of -50 to -I00 mV maintained by constant
current injection. The amplitude of the depolarizations increased as the membrane
potential was hyperpolarized away from the chloride equilibrium potential. At more
depolarized potentials (<-60 mV), spontaneous action potential firing occasionally
occluded the resolution of the depolarizing events. The frequency of spontaneous
depolarizations in this cell varied between 0 035 Hz (-50 mV) to 0-06 Hz (-100 mV).
Resting membrane potential -67 mV.
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potential from -50 to -100 mV, but using a KCl-filled microelectrode and
depolarizing the cell above -50 mV in 300 ftM zinc, the amplitude of the spontaneous
depolarizations decreased as the reversal potential for these events was approached.
Moreover, the increased level of action potential firing combined to make accurate
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Fig. 3. Time dependence of the zinc-induced depolarizing potentials. The representative
data were accrued from three separate CAI neurones in different brain slices following
addition of300 /IM zinc. The appearance ofspontaneous depolarizations at the appropriate
times after exposure of the slices to zinc (defined as time zero) are plotted according to
their amplitude. The amplitudes are usually well maintained over 40-50 min, but the
frequency ofappearance decreases. After a very long exposure to zinc (60 min), it was rare
to record any more giant depolarizing events. These three cells were monitored for 70 min.
Membrane potentials adjusted with DC current to -70 mV.

measurements of frequency difficult (Fig. 2B). In Fig. 2B, the depolarizing events
occurred at a frequency of 0-05 Hz at -100 mV, marginally decreasing to 0 03 Hz at
-50 mV. At more depolarized membrane potentials (<-70 mV), spontaneous
depolarizations were often associated with after-hyperpolarizations which were
reduced in amplitude when approaching the potassium equilibrium potential
(Fig. 2B).

If zinc application was continued for 40-80 min, the spontaneous depolarizations
would eventually wane and disappear. The first indication of waning was a decrease
in the event frequency followed by the duration and finally the amplitude (Fig. 3).
Following a prolonged wash with control Krebs solution after long exposures to zinc,
a second application of zinc would either not induce any further spontaneous
depolarizing potentials in the same cell, or depolarizing events would reappear but
at much lower frequencies (< 0 005 Hz). In addition, a second application of zinc
could also induce giant depolarizations in other neurones impaled in the same slice,
but the frequency of occurrence was again lower than that measured in the first
recording.
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Zinc-induced depolarizations are synaptic events

The periodic appearance of the giant depolarizations induced by zinc, suggested
that they may be of synaptic origin. Injecting depolarizing current pulses with
variable widths and amplitudes into pyramidal neurones in control Krebs solution

A

I :
-70 mV __--X20m

*6V 2 s

B

;A7V A 10V VA 15V

_ |10mV

A A ~ A 500 ms

Fig. 4. Stimulus-evoked giant depolarizing potentials in the presence of zinc occurred in
an all-or-none fashion. A, in the presence of zinc (300 aM) which induced the appearance
of spontaneous giant depolarizations (a), low-intensity stimulation (A, 6 V, 041 s) of the
Schaffer collaterals evoked only a small EPSP-IPSP complex. B, increasing the stimulus
intensity to 7-15 V produced a non-incrementing giant depolarizing synaptic potential
with a measurable latency from the initial EPSP/IPSPs. Membrane input conductance
was monitored with a hyperpolariziing electrotonic potential evoked by constant current
pulse injection (-0 5 nA, 300 ms) prior to each stimulus. C, in a different CAI neurone
and using a potassium acetate-filled microelectrode, stimulation of the Schaffer collateral
pathway (A; 38 V, 0 1 ms) evoked an EPSP followed by fast and slow IPSPs (lefthand
trace). In 300 /tM zinc, the slow IPSP was occluded by a large depolarizing potential
(middle trace) which disappeared on washing with control Krebs solution for 10 min
(righthand trace). Membrane potential -72 mV.

failed to initiate any large depolarizations similar to those induced by zinc. In the
presence of zinc (300 tM), orthodromic low-intensity stimulation (6 V) of the Schaffer
collaterals when recording with a KCl-filled microelectrode in CAI cells, only evoked
consistent excitatory (EPSP) and inhibitory (IPSP) depolarizing postsynaptic
potential complexes, despite the appearance of spontaneous giant depolarizing
potentials (Fig. 4A). However, subsequent higher intensity stimulation of these
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Fig. 5. Zinc-induced spontaneous and stimulus-evoked giant depolarizing potentials are
blocked by tetrodotoxin (TTX). A, intracellular recording from a CAI neurone at the
resting potential of -66 mV. Bath-application of 300 /zM zinc (A) induces spontaneous
(@) and stimulus-evoked depolarizations (A). Co-application of 1 /SM TTX abolishes both
spontaneous and evoked depolarizations. A recovery from TTX was obtained after 20 min
in the zinc-containing Krebs solution (W+Zn 20). B, in the same neurone, stimulation
(A; 10 V, 0-1 s) of the Schaffer collateral pathway induced an EPSP-IPSP complex in
control. A hyperpolarizing electrotonic potential was used to monitor membrane input
conductance (-03 nA, 300 ms). Further stimulation in 300,M zinc evoked a giant
depolarization which is blocked by TTX and recovered on washing in zinc-containing
Krebs solution.
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pathways (7-15 V) induced a giant depolarizing potential following the EPSP in an
all-or-none fashion (Fig. 4B).
The polarity of the giant synaptic depolarizations generated at the resting

potential (approximately -70 mV) was also established with potassium acetate-

A

-70 mV

10 mV

20s

B
1.0

0.8

2 0.6
a.

a-o06
O 0.4
~0
0
w> 0.2

0
0 50 100 150 200

Stimulus interval (s)

Fig. 6. Determination of the minimum time interval required between two evoked giant
depolarizations in 300 /SM zinc. A, chart recording of giant depolarizations in a CAI
neurone evoked by stimulating the Schaffer collaterals (-; 15 V; 0-1 ms). If stimuli were
applied too frequently, or if a spontaneous giant depolarization (@) occurred, further
stimuli failed to evoke any giant depolarizations. Hyperpolarizing electrotonic potentials
were evoked by current injection (- 0-5 nA, 300 ms) and monitored the membrane
conductance prior to each stimulus. B, the probability of evoking a giant depolarizing
potential is plotted against the interstimulus interval. The minimum interval required
between two successive stimuli was determined in each of twenty-six CAI and CA3
neurones. The interstimulus interval was increased systematically until the second
stimulus consistently evoked a giant depolarization on three occasions. When the
interstimulus interval was sufficiently long, all neurones supported the production of
successive GDPs which was then defined as a probability of 1. Up to four different
stimulus intervals were tested in each neurone.

filled microelectrodes. Orthodromic stimulation of the Schaffer collaterals resulted in
an EPSP followed now by hyperpolarizing fast and slow IPSPs (Fig. 4C). Zinc did
not apparently affect the EPSP or the fast IPSP, but the slow IPSP was occluded
by a giant depolarizing potential with a similar time course to the spontaneous
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potentials induced by zinc (Fig. 4 C). These giant potentials disappeared within 2 min
following superfusion with control Krebs solution.
The zinc-induced potentials probably resulted from activity in mono- and/or

polysynaptic pathways, since the addition of tetrodotoxin (TTX; 1 /,M) caused the

A

-70 mV

10 MM-bicuculline 10 s

L 25 mV

W+ 10

B

* ZJ * 500 ms
Control BIC, 10 UM

Fig. 7. Giant depolarizations induced by zinc are blocked by bicuculline. A shows a chart
recording of membrane potential and superimposed hyperpolarizing electrotonic
potentials evoked by current injection (-0-3 nA, 300 ms, 0-2 Hz) in the presence of
300 /M zinc. The periodic appearance of the GDPs was abolished by bath-applied
bicuculline (BIC, 10/M). A partial recovery (lower trace) was obtained after washing with
zinc-containing Krebs solution for o min (W + 10). B illustrates two sample traces
following stimulation of the Schaffer collateral pathway (10 V, 0 1 ms) evoking a giant
depolarization which was also substantially reduced by bicuculline. Membrane potential
-70 mV.

cessation of spontaneous depolarizations and also abolished the evoked response
following nerve fibre stimulation (Fig. 5).

Paired pulse depression of the zinc-induced synaptically evoked depolarizing
potentials

Paired pulse stimulation was applied to the Schaffer collaterals in 300 Am zinc to
assess the degree of facilitation or inhibition of the second evoked depolarization
caused by the first response. For each neurone, following the first stimulation, a
well-defined time interval could be measured during which repeated stimulation,
even at increased stimulus strengths, would not evoke a second response (Fig. 6A).
If a minimum time of approximately 90 s was allowed between successive stimuli, the
probability of obtaining a second response equal in amplitude and duration to the
first was increased; however, any spontaneous depolarizing potential intervening
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between the two stimuli was capable of inhibiting further evoked potentials for the
next 60-90 s (Fig. 6A). The time required between successive stimuli to ensure a high
probability ofproducing a second evoked response in twenty-six neurones superfused
with 300 /,M zinc was approximately 140 + 92 s (eighty-eight stimuli; Fig. 6B).

A B

-40 mV

* - m0-

150 nA, GABA

-50 - E~~~~~~~~~~2

-60
5 s 2a)0

U)60 IJI ~~~~ ~~E ........
* -10

-80

-0O -80 -70 -60 -50 -40
6- 0

Membrane potential (mV)

-90 20 mV

20 s

Fig. 8. Reversal potential for GABAA responses and the zinc-induced giant depolarizing
potentials recorded using a potassium acetate-filled microelectrode. A illustrates chart
records of GABA responses and spontaneous giant depolarizing potentials (@) in the
presence of 300 1uM zinc. GABA was applied from an ionophoretic pipette positioned in the
apical dendrites of a CAI neurone (resting potential -64 mV). GABA was ejected
(continuous lines) using 150 nA currents (10 s; -10 nA holding current) and the
membrane potential was varied from -40 to -90 mV using constant current injection.
Spontaneous action potential firing occurred at membrane potentials more positive than
-60 mV (brief upward deflections). The GABA response was largely depolarizing at
-90 mV, hyperpolarizing at -40 mV and biphasic at -60 mV. To increase clarity the
constant current pulses were temporarily stopped at -40 mV and the chart speed was
increased at -50 mV. B, determination of the reversal potentials for the GABA response
and zinc-induced GDP (data taken from A). The GABA response amplitudes were
measured at two latencies, following ejection of GABA: at 10 (short, *) and 15 s (long
latency, El). The GDP amplitude (@) was measured at the peak response. These
amplitudes are plotted against the membrane potential. In this neurone, the short and
long latency GABA responses reversed at -55 and -65 mV respectively. The GDP
reversed at -56 mV.

Pharmacology of the zinc-induced depolarizing potentials
The increased amplitude of depolarizing events recorded using 3 M KCl-filled

microelectrodes suggested that underlying these depolarizations was a chloride-
mediated current. As the events were synaptically generated relying on the release
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of neurotransmitter, and since y-aminobutyric acidA (GABAA) receptors directly gate
chloride channels, this was a candidate membrane protein to mediate the zinc-
induced depolarizations. Bath application of the GABAA antagonists, ( +)-
bicuculline (10 ,tM; n = 16) or picrotoxin (40 /uM; n = 3, not shown), inhibited, in a

A Control 50 MM zinc Zinc + 100 Mm PB Zinc recovery

B 300uM zinc Zinc + 10 AM FLU

120 mV

500 ms

Fig. 9. Effect of a barbiturate and benzodiazepine on zinc-induced giant depolarizing
potentials. A, stimulation of the Schaffer collaterals (A; 8 V, 01 ms) evoked giant
depolarizing potentials in 50 flM zinc. Co-application of 100 Mm pentobarbitone (PB)
caused an enhancement in the evoked GDP which recovered after washing with zinc-
containing Krebs solution. B, in another CAI neurone, spontaneous giant depolarizing
potentials were induced by 300 Mm zinc. Subsequent co-application of 10 #M flurazepam
(FLU) slightly enhanced the amplitude and more clearly prolonged the duration of the
spontaneous GDPs. Hyperpolarizing electrotonic potentials were evoked by current
pulses (-0 3 nA, 300 ms, 0-2 Hz). Membrane potentials -60 (A) and -73 mV (B). The
peak amplitudes were measured and the durations of the potentials were determined at
the baseline.

partly reversible manner, both the spontaneous and evoked depolarizing potentials
induced by 300 /kM zinc (Fig. 7). The spontaneous 'background' depolarizing IPSPs
were also inhibited by this low concentration of bicuculline, producing a quiescent
neurone.
The dependence of these giant potentials on the GABAA receptor was further

demonstrated by measuring the reversal potential for the GABA-evoked responses
and the zinc-induced depolarizations using potassium acetate-filled microelectrodes.
Jonophoretically applied GABA to the apical dendrites of a CAI neurone superfused
with 300 p,m zinc induced a biphasic GABA response at -60 mV with an initial short
latency depolarization followed by a long latency hyperpolarization (Fig. 8A). Both
responses were associated with an increase in the membrane conductance. Previous
studies suggested that the depolarizing response may represent the activation of
dendritic GABAA receptors, whereas the hyperpolarizing response occurs following
activation of somatic GABAA receptors (Alger & Nicoll, 1982 b; Scharfman & Sarvey,
1987). The biphasic nature of these responses was presumed to be dependent on
different transmembrane chloride gradients maintained between the soma and
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A + 300 M zinc

-65 mV j7 20 mV-65mV
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-65 l 20 mV
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Control +CNQX W+15

C + 300 pM zinc

-70AL i. 20 mV

A\ 40 s
40 pM APV

D E

-70 -72 120 mV

Control +APV 1 s +4 mM Mg2+ 500 ms

Fig. 10. Zinc-induced depolarizing potentials are relatively unaffected by blockade of non-
NMDA or NMDA receptors. A, chart record of membrane potential in the presence of
300 4M zinc showing spontaneous giant depolarizations, interposed action potentials and
depolarizing IPSPs. Application of 10 gm 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
did not block the GDPs but slightly reduced their frequency. B, selected zinc-induced
depolarizations in control, + 10 uim CNQX, and following wash-out of CNQX for 15 min
(W+ 15). Hyperpolarizing electrotonic potentials were applied throughout (- 0-3 nA,
300 ms, 0 3 Hz). Resting potential -65 mV. C, in a different neurone, spontaneous giant
depolarizations induced by 300,UM zinc were minimally affected by co-application of
40 flM 2-amino-5-phosphonovalerate (APV) which caused only a small reduction in
frequency, but did not block the GDPs. D, selected traces of zinc-induced spontaneous
potentials in control Krebs solution and 404tM APV. Membrane potential -70 mV
maintained with DC current injection. Hyperpolarizing electrotonic potentials were
evoked with negative current pulses (-0-3 nA; 300 ms, 02 Hz). E, in another CAI
neurone, raising the external Mg2` concentration to 4 mM also failed to block the zinc-
induced depolarizing potentials. Membrane potential -72 mV.
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dendrites (Misgeld, Deisz, Dodt & Lux, 1986; Thompson, Deisz & Prince, 1988; cf.
Alger & Nicoll, 1982b, and Lambert, Borroni, Grover & Teyler, 1991). The
current-voltage relationships for the short and long latency GABA responses and the
zinc-induced depolarizing events were determined. The reversal potentials for the
short and long latency GABA responses were -56 + 5 and -66 + 8 mV respectively
(n = 4). Similarly, the reversal potential for the zinc-induced depolarizations was
-57 + 4 mV (n = 8) which was not significantly different from the reversal of the
short latency GABA response (Fig. 8B;P > 041). This suggested that the depolarizing
events may be largely mediated by GABAA receptors located primarily on the
dendrites of the pyramidal neurones. Using KCl-filled microelectrodes, the reversal
potentials for both the zinc-induced events and the totally monophasic depolarizing
GABA responses were more depolarized at -30+ 3 mV (n = 3).
The pharmacological similarity between GABA responses and the zinc-induced

depolarizing events was emphasized by using allosteric modulators represented by
the barbiturates or benzodiazepines. Both classes of compound have discrete binding
sites on the allosteric GABAA receptor complex. In a CAI neurone, following
stimulation ofthe Schaffer collateral pathway, pentobarbitone (100 /M) substantially
enhanced the amplitude (62 + 36 %) and prolonged the duration (40 + 28 %; n = 4) of
the zinc-induced depolarization in a reversible manner (Fig. 9A). Flurazepam
(1-10 /M) also prolonged the duration (130 +56%) of the depolarizations in 300 JM
zinc, but unlike pentobarbitone, had only a slight enhancing effect on the amplitude
(24+8%; n = 3; Fig. 9B). These features of the zinc-induced depolarizations are
entirely consistent with such events being mediated by GABAA receptors.

Are zinc-induced depolarizations dependent on excitatory synaptic transmission?
Inhibitory synaptic potentials mediated by GABAA receptor activation and

generated in the hippocampus, can participate in either feedback or feedforward
inhibition requiring functional excitatory synaptic transmission. The involvement of
N-methyl-D-aspartate (NMDA) or non-NMDA receptors in the generation of zinc-
induced depolarizing events was studied using excitatory amino acid (EAA)
antagonists. Neither 2-amino-5-phosphonovalerate (APV; 40,tM) nor 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX; 10/M), nor 2 mm kynurenic acid were able to
block spontaneous or evoked synaptic events in the presence of 300 gm zinc. At most,
in some cells (n = 3), a small reduction in the frequency of the spontaneous events
was evident (Fig. 10). These concentrations of NMDA and non-NMDA antagonists
routinely inhibited directly evoked responses using bath or ionophoretically applied
EAA agonists. A role for NMDA receptors in controlling, or initiating, the zinc-
induced events was also largely discounted following the lack of effect of a 4 mM Mg2+
and nominally zero glycine-containing Krebs solution (Fig. IOE; n = 12).

DISCUSSION

Zinc induces a large depolarizing synaptic potential mediated by GABAA receptors
These results describe a profound effect of zinc on adult hippocampal neurones in

brain slices, manifest by the induction of large synaptic potentials mediated by
GABAA receptors. Previous studies on cultured embryonic neurones indicated that
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zinc is an effective non-competitive blocker of GABAA-induced responses and
GABAA-mediated IPSPs with little effect on the composite EPSP (Westbrook &
AMayer, 1987; Mayer & Vyklicky, 1989; Smart & Constanti, 1990). However, GABAA-
mediated responses and IPSPs evoked on mature adult neurones are far less sensitive
to inhibition by zinc (Smart & Constanti, 1990; Xie & Smart, 1991 a, b; Smart, 1992).
This insensitivity may be dependent on different populations of GABAA receptors.
Molecular cloning studies have established that there are multiple types of GABAA
receptor protein subunit (a, /3, y, 8 and p), and also various subtypes of individual
subunits (Olsen & Tobin, 1990; Burt & Kamatchi, 1991). Expression studies in cell
lines, using recombinant cDNAs for individual GABAA receptor subunits, has
enabled the construction of relatively homogenous GABAA receptor populations.
Interestingly, GABAA receptors containing the y subunit mediated responses which
are considerably less sensitive to inhibition by zinc (Draguhn, Verdoorn, Ewert,
Seeburg & Sakmann, 1990; Smart, Moss, Xie & Huganir, 1991), suggesting that
zinc-induced depolarizations may be mediated by GABAA receptors containing one

or more y-subunits.
Intracellular recordings from hippocampal pyramidal neurones at -60 to -70 mV

with 3M KCl-filled microelectrodes revealed a continuous barrage of depolarizing
synaptic activity largely composed of IPSPs mediated by GABAA receptor activation
which were unaffected by zinc. The zinc-induced spontaneous giant potentials are

generated with a large conductance increase and can be inhibited by TTX or

bicuculline, and enhanced by pentobarbitone or flurazepam. This indicated that an

intact neuronal circuitry is required for generating these potentials which are

mediated by activation of GABAA receptors following the presynaptic release of
GABA. The ubiquity of these potentials is so far unknown, but similar events do not
appear when recording intracellularly from olfactory cortical neurones (surface slice;
Smart & Constanti, 1983, 1990). The lack of organized synaptic circuitry as found in
the intact hippocampus and also the use of embryonic cultured neurones, may be
why such events have eluded previous investigators (Mayer & Vyklicky, 1989; Smart
& Constanti, 1990).
The intervals between successive spontaneous depolarizations were usually quite

regular in a single neurone. Paired pulse stimulation revealed that if the interval
between two stimuli was insufficient, the second depolarizing event was labile and
subject to failure. This apparent 'activity-dependent disinhibition' was not followed
by any excitatory or epileptic-like discharges and the postsynaptic membrane was

still responsive to exogenously applied GABA, suggesting that the failure of
transmission was a presynaptic phenomenon. There are many possible reasons for
transmission failure, including: an increased level of released GABA activating
presynaptic GABAB receptors and inhibiting further GABA release (Deisz & Prince,
1989; Thompson & Gahwiler, 1989c); alternatively, GABAA receptor desensitization
or a shift in the GABA response reversal potential (EGABA) could reduce the synaptic
response. Repetitive stimulation can also lead to a use-dependent depression of
IPSPs (Ben-Ari, Krnjevic & Reinhardt, 1979; McCarren & Alger, 1985; Thompson
& Gahwiler, 1989a), possibly by raising extracellular potassium concentration
(McCarren & Alger, 1985; Korn, Giacchino, Chamberlin & Dingledine, 1987) which
may affect EGABA (Thompson & Gahwiler, 1989b). These possibilities are considered
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unlikely, since there is no small decrement in the amplitude of the large depolarizing
potentials but an abrupt failure of transmission and this phenomenon was observed
with KCl-filled microelectrodes rendering any subsequent large shift in EGABA
unlikely. Moreover, in cortical or sympathetic neurones, zinc did not affect EGABA
(Smart & Constanti, 1990). We cannot yet discount a prolonged inactivation of
presynaptic calcium channels, or an acute depletion of neurotransmission, but
spontaneous IPSP activity was very often unaffected when the transmission failed.

Origin of GABA-mediated synaptic potentials
The insensitivity of zinc-induced depolarizations to APV or CNQX suggests that

excitatory synaptic transmission is not involved in the underlying release of GABA.
The correlation of the reversal potentials for the depolarizing (dendritic) ionophoretic
GABA response and the zinc-induced depolarizations indicated the most likely site(s)
for GABA release mediating the zinc-induced events is in the pyramidal cell
dendrites. This location could be explained if zinc induced GABA release from
nearby inhibitory neurones, for example, basket cells, oriens/alveus and stratum
lacunosum-moleculare interneurones (Lacaille & Schwartzkroin, 1988). Mossy fibre
projections are known to arborize into the dendritic field of basket neurones as well
as forming large proximal synapses with pyramidal neurones (Frotscher, 1985).
Interestingly, immunohistochemical evidence suggests that in addition to glutamate,
mossy fibre terminals may also contain GABA which if co-released, might modulate
the activity of a hitherto considered pure excitatory nerve pathway (Sandler &
Smith, 1991). Furthermore, some hilar neurones which receive axon collaterals from
the zinc-containing mossy fibres (Claiborne, Amaral & Cowan, 1986) may project
their axons directly to pyramidal neurones, providing a source of GABA to underlie
the giant IPSPs without a requirement for excitatory synaptic transmission (Muller
& Misgeld, 1991).

How are zinc-induced depolarizations generated?
The large amplitude of the GABA-mediated depolarizations may result from a

synchronous release of transmitter. Zinc can inhibit a variety of potassium channels,
including calcium-activated or transient A-type potassium channels (Constanti &
Smart, 1987; Sim & Cherubini, 1990; Spigelman & Carlen, 1991) which if present in
nerve terminals and partly responsible for spike repolarization, could broaden the
duration of the presynaptic action potential and increase transmitter release. Zinc
inhibition of some potassium currents may also account for the reduced action
potential accommodation and spike after-hyperpolarization which are features also
seen with embryonic neuronal cultures (Mayer & Vyklicky, 1989). However, other
divalent cations such as cadmium and copper, which have similar effects on the
pyramidal cell membrane properties, do not induce giant GABA-mediated potentials
(X. Xie & T. G. Smart, unpublished observations). Furthermore, whether zinc has
any effect on presynaptic neuronal calcium channels remains to be established,
although on myotubes, zinc blocked dihydropyridine-sensitive calcium channels
(Winegar & Lansman, 1990). A similar effect on neurones (cf. Sim & Cherubini,
1990) may decrease transmitter release which would be broadly incompatible with
our results.
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In addition to a likely presynaptic locus of action, zinc may also exert an effect
postsynaptically. On cortical neurones, zinc enhanced GABAA-mediated responses
which may have resulted from a decreased input conductance making the cell
electrotonically more compact. Thus depolarizations induced in more distal parts of
the cell (e.g. dendrites), could now be passively transmitted over a longer distance
(i.e. to the recording site at the cell soma) augmenting the somatic response (Smart
& Constanti, 1983, 1990). Similarly, in hippocampal neurones, the large amplitude
depolarizations induced by zinc could therefore travel from their presumed dendritic
site of generation and also be resolved in the soma. This would explain why large
GABA-mediated depolarizations, and also hyperpolarizing chloride-mediated
responses to direct somatic applications of GABA, can co-exist in the soma at the
resting potential.

Comparison with previous work
Large depolarizing synaptic potentials have been reported previously; including

an innate occurrence in immature hippocampal neurones (Ben-Ari, Cherubini,
Corradetti & Gaiarsa, 1989; Xie & Smart, 1991 a), or induced following either high
intensity afferent stimuli (Perreault & Avoli, 1988), or after pharmacological
manipulation with either pentobarbitone (Alger & Nicoll, 1982a), 4-aminopyridine
(4-AP; Buckle & Haas, 1982; Perreault & Avoli, 1989; Avoli, 1990; Muller & Misgeld,
1990, 1991), or guanosine-5'-O-(3-thio)-triphosphate (Thalmann, 1988). The large
depolarizing potentials induced by 4-AP are similar to the potentials induced by zinc.
4-AP-induced GABAA-mediated potentials are insensitive to excitatory amino acid
antagonists, suggesting that these potentials may also be mediated by bursting in
interneurones evoking synchronized potentials in the hilus and CA3/CA4 neurones
(Avoli, 1990; Muller & Misgeld, 1990, 1991; Aram, Michelson & Wong, 1991;
Michelson & Wong, 1991). Also, the GABA-mediated potentials are probably
generated dendritically since ionophoresis of bicuculline methiodide in stratum
radiatum abolished the giant IPSPs (Perreault & Avoli, 1989). However, 4-AP
induces a large increase in both excitatory and inhibitory transmitter release (Buckle
& Haas, 1982; Rutecki, Lebeda & Johnston, 1987), whereas zinc apparently induces
only GABA release. The amplitudes of the GABA-mediated potentials induced by
zinc in our study, are much larger than the mean amplitude of the smaller
'background' IPSPs, suggesting that either a distinct inhibitory cell population is
responsible for their generation, or that many interneurones are synchronously
discharging to produce giant potentials.
The significance of the present work is that until now giant GABAA-mediated

synaptic potentials have only been resolved using compounds not usually found in
the CNS. Zinc is a naturally occurring trace element in neural tissues and is
particularly concentrated in neurones within the hippocampus. The observation that
zinc appears to have uncovered a novel GABAA-mediated synaptic potential to
modulate cell excitability adds to the established feedback and feedforward
inhibitory networks with which we are familiar. Whether this potential has any
physiological or pathological relevance remains to be seen.
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