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Abstract The purpose of the present study was to characterize the ionic and pharmacological basis of 
the actions of synaptically released and exogenously applied GABA in basolateral amygdaloid pyramidal 
cells in vitro. Stimulation of forebrain afferents to pyramidal neurons in the basolateral amygdala evoked 
an excitatory postsynaptic potential followed by early and late inhibitory postsynaptic potentials. The 
early inhibitory postsynaptic potential had a reversal potential near - 7 0  mV, was sensitive to changes 
in the chloride gradient across the membrane and was blocked by the GABA A antagonists picrotoxin and 
bicuculline methiodide but not by the GABA B antagonists phaclofen or 2-hydroxysaclofen. In contrast, 
the late inhibitory postsynaptic potential had a reversal potential of approximately - 9 5  mV and was 
markedly reduced or abolished by GABA B antagonists. 

Pressure application of GABA to the surface of the slice typically elicited a triphasic response in 
basolateral amygdaloid pyramidal neurons consisting of a short-latency hyperpolarization that preceded 
or was superimposed on a membrane depolarization followed by a longer latency hyperpolarization. Each 
of the responses was associated with an increase in membrane conductance. Determinations of the reversal 
potential, ionic dependency and sensitivity to pharmacological blockade of each component of the 
GABA-induced response revealed that the initial hyperpolarizing (Ere ~ approximately - 7 0  mV) and 
depolarizing (Ere V approximately - 5 5  mV) responses were mediated by a GABAA-mediated increase in 
chloride conductance, whereas the late hyperpolarizing response (Err ̀ approximately - 82 mV) to GABA 
arose from a GABAa-mediated increase in potassium conductance. Experiments in which GABA was 
applied at various locations on the cell suggested that the short-latency hyperpolarization resulted from 
activation of somatic GABA receptors, whereas the depolarizing and late hyperpolarizing responses were 
generated primarily in the dendrites. In contrast to tile complex membrane response profile elicited by 
GABA, pressure ejection of the GABA B agonist baclofen produced only membrane hyperpolarizations. 

Taken together, these results suggest that inhibitory responses that are recorded in basolateral 
amygdaloid pyramidal cells are mediated by activation of both GABA A and GABA B receptors. Consistent 
with findings elsewhere in the CNS, the early inhibitory postsynaptic potential and initial hyperpolariz- 
ation and depolarizing response to local GABA application appear to involve a GABAA-mediated increase 
in chloride conductance, whereas the late inhibitory postsynaptic potential and the late hyperpolarizing 
response to GABA arise from a GABAB-mediated increase in potassium conductance. 

The inhibi tory  t r ansmi t t e r  G A B A  has been shown to 
play a crucial role in the modu la t ion  of  neurona l  
activity t h r o u g h o u t  many  regions of  the central  and  
per ipheral  nervous  systems. The finding tha t  exogen- 
ous appl ica t ion of  G A B A  mimicked synaptically 
media ted  inhibi t ion of  neurons  in many  bra in  areas 
provided s t rong initial suppor t  for its role as a ma jo r  
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inhibi tory  neurot ransmi t te r .  29'3° In these early studies 
and  in many  subsequent  reports  13"-'4'28'38 G A B A -  

mediated inhibi tory  effects were found to be chloride- 
dependen t  and  blocked by the an tagonis t  bicuculline. 
However,  the findings in more  recent studies of  
bicuculline-insensitive, po tass ium-dependent  inhibi-  
tory synaptic potent ia ls  L13'28~38 and  hyperpolar iz ing 
responses to G A B A  13"14'24'37'5° provided evidence 

for the existence of  more  than one type of  G A B A  
receptor.  The recent in t roduct ion  of  specific an tagon-  
ists for a second subtype of  G A B A  receptor  has 
allowed for the direct demons t r a t ion  tha t  inhibi tory  
responses are media ted th rough  the act ivat ion of at 
least two distinct subtypes,  the G A B A  A and  GABAB 
receptors.  ~5'21'25'46 Considerable  exper imental  evidence 
indicates tha t  act ivat ion of  G A B A  A receptors in- 
creases chloride conductance  in neurons  whereas 
GABAB receptors are coupled to an  increase in 
potass ium conductance  (for reviews, see Refs 8, 10). 

Immunohis tochemica l  studies using monoclona l  
ant ibodies  to glutamic acid decarboxylase ( G A D )  or 
G A B A  have identified a small popu la t ion  of  intrinsic 
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GABAerg ic  neurons  in the ra t  basolateral  amygdala  
(BLA). 11"34'35'39:° Ul t ras t ruc tura l  analysis of  G A B A -  

ergic elements  in the rat  BLA has revealed synaptic 
contacts  between G A D - i m m unor eac t i ve  terminals  
and  somata  of  pyramidal  neurons.  H:° In addi t ion,  
au torad iograph ic  analyses have demons t ra t ed  the 
presence of  G A B A  A and  G A B A  s receptors in this 
area of  brain.  9'12 Thus,  an  ana tomica l  basis exists for 

the possibility tha t  G A B A  may serve as an inhibi tory  
neuro t ransmi t t e r  in this bra in  region. More  direct 
evidence for a physiological  role of  G A B A  in the 
BLA has come f rom studies using extracellular 
recording techniques which showed tha t  G A B A  
release in the BLA was associated with long-last ing 
inhibi t ion  of  neurona l  firing. 6'32'47 Only recently have 

intracel lular  voltage recordings been used to charac- 
terize G A B A - m e d i a t e d  inhibi tory  synaptic events at 
the cellular level within the BLA. In tha t  study, 
s t imula t ion of  the stria terminal is  or lateral amyg- 
daloid nucleus was found to elicit a fast excitatory 
pos tsynapt ic  potent ia l  (EPSP) mediated by gluta- 
mate,  followed by a G A B A - m e d i a t e d  early and late 
inhib i tory  postsynapt ic  potent ia l  (IPSP) in presump- 
tive BLA pyramidal  cellsJ 2 

By recording intracellularly from amygdaloid  
neurons  in b ra in  slice p repara t ions  of  rat  ventral  
f o r e b r a i n :  3 we recently demons t ra ted  tha t  stimu- 
lat ion of  the external  capsule (EC) evokes a complex 
profile of  postsynapt ic  responses composed  of  an 
EPSP followed by a short- la tency (early) IPSP and  
subsequent  hyperpolar iza t ion  of  longer dura t ion  (late 
IPSP). Outwardly,  these IPSPs appeared identical 
to G A B A - m e d i a t e d  inhibi tory  synaptic potent ia ls  
recently described in rat  BLA neurons  42 and  to those 
tha t  have been recorded in a variety of  neurons  
t h r o u g h o u t  the mammal i an  brain  including rat  
h ippocampus ,  2~2°'26'28 cerebral  cortex 13"2~'43'51 and  the 

lateral geniculate nucleusJ  4 In the present study, 
convent iona l  intracel lular  recordings were used to 
character ize the pharmacologica l  propert ies  and  ionic 
basis of  inhib i tory  synaptic events in the rat  BLA. 
A second goal of  these experiments  was to provide a 
similar character iza t ion of  the responses of  BLA 
pyramidal  neurons  to exogenous appl icat ion of  
G A B A  and th e G A B A  B receptor  agonist  baclofen. 
Initial  results of  this work have appeared  in abs t rac t  
for ln .  36 

E X P E R I M E N T A L  P R O C E D U R E S  

Male Sprague-Dawley rats (Charles River) weighing 
150-250 g were used. Animals were killed by decapitation 
and their brains quickly removed and placed in ice-cold 
oxygenated artificial cerebrospinal fluid (ACSF), consisting 
of(in mM): NaC1 124, KCI 3.5, MgSO4 1.5, NaH2PO 4 1.0, 
NaHCO 3 26.2, glucose 11.0 and CaCI 2 3.0. Horizontal slices 
of ventral forebrain containing the amygdala were cut at a 
thickness of 450/am. One slice was transferred immediately 
to the recording chamber and held submerged between two 
layers of nylon mesh under continuously flowing ACSF 
pre-warmed to 32°C. The remaining slices were transferred 
to an incubation chamber and maintained in oxygenated 

ACSF at room temperature (23:C). Slices were allowed to 
equilibrate for at least l h before intracellular recordings 
were attempted. 

Conventional intracellular voltage recordings were c,b- 
tained from cells in the BLA nucleus using glass micro- 
electrodes filled with 2 M potassium acetate (KAc, pH 7.0) 
and having resistances of 90-160 MfL In a small number of 
experiments, recordings were obtained with microelectrodes 
filled with one of the following solutions as electrolyte: 2 M 
potassium chloride, 2 M caesium acetate (CsAc) or 2 M 
KAc with 0.2 M EGTA. Recordings of membrane voltage 
were amplified and displayed on an oscilloscope and chart 
recorder. Signals were also fed to a computer interface 
(TL-I, Axon Instruments) which digitized the analog wave- 
forms for analysis by a microcomputer-based program 
(PClamp, Axon Instruments). 

Only cells with membrane potentials greater than 
- 5 5 m V  and overshooting action potentials were used 
in this study. Under our recording conditions, the vast 
majority of BLA pyramidal cells were not spontaneously 
active. Cells were made to fire by passage of direct depolar- 
izing current pulses through the recording electrode using 
a standard bridge-balance circuit (Axoprobe I-A. Axon 
Instruments). Input resistance was determined by passing an 
incremental series of current pulses (0.1-nA increments, 
range: -0 .8  nA to +0.1 nA; 150 ms) through the recording 
electrode and measuring the resultant voltage deflections. 
Current-voltage plots were then constructed by plotting the 
amplitude of each deflection against the amplitude of the 
corresponding current pulse. The slope of the line represent- 
ing a linear regression of these points was taken to be the 
input resistance. Membrane time-constants were calculated 
for small hyperpolarizing current pulses ( -  0.3 to -0 .2  nA) 
using a least-squares fit exponential fitting program 
(Clampfit, Axon Instruments). 

EPSPs and IPSPs were elicited in BLA pyramidal neurons 
by delivering single voltage pulses of 0.1 ms duration via a 
bipolar stimulating electrode placed on the surface of the 
slice over the EC. While the EC could be easily identified 
visually, we relied on anatomical landmarks in the slice for 
guiding placement of the recording electrode in the BLA. 
Typically, the stimulus intensity delivered was that which 
evoked an EPSP whose amplitude was just below threshold 
for generating an action potential when recordings were 
made at resting membrane potential. Membrane potential 
was manually adjusted by intracellular injection of d.c. 
current through the recording electrode and was held at 
- 80 to - 90 mV when characterizing EPSPs elicited by EC 
stimulation and near threshold for firing (approximately 
- 60 mV) when examining orthodromically evoked IPSPs. 

In some experiments, modified bathing solutions were 
used. Low-chloride (20% of control) medium was prepared 
by substituting an equimolar amount of sodium isethionate 
for NaC1. Equimolar substitution of NaCI for KC1 was used 
to prepare high (7 mM) and low (1.75 mM) concentrations 
of extracellular potassium. 

Drugs were applied to the slice by switching the bath 
superfusate from normal ACSF to ACSF containing known 
concentrations of drug or by pressure ejection (typically 
10 50ms, 30p.s.i.) from a drug-containing extracellular 
pipette whose tip was placed at the slice surface near the 
recording electrode. Pressure ejection pipettes were prepared 
from 1.5 mm "omegadot" glass tubing and the pipette tips 
were coated with Sylguard to prevent drug from flowing up 
the outside of the pipette upon ejection. The pipette tips 
were broken back to the desired diameter under visual 
observation and the pipettes filled with a known concen- 
tration of drug dissolved in ACSF. Drugs used in this study 
(obtained from Sigma Chemical Co. unless otherwise noted) 
were: GABA, baclofen, bicuculline methiodide, picrotoxin, 
phaclofen, 8-bromo-cyclic adenosine monophosphate (8-Br 
cAMP), EGTA, tetraethylammonium (TEA), phaclofen 
(Tocris Neuramin) and 2-hydroxysaclofen (Research 
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Biochemicals, Inc.). In some experiments, 1/aM tetrodo- 
toxin (TTX, Sigma) was included in the bathing medium to 
block action potential-dependent neurotransmitter release 
and thereby distinguish direct actions of drugs on the 
neuron under study from possible remote actions. 

For intracellular labelling of BLA neurons, electrodes 
were filled with 4% Lucifer Yellow CH (LY) (Sigma) in 1 M 
lithium acetate. These electrodes typically had resistances 
between 120 and 300 mf~. Following the characterization of 
the passive and active membrane properties of the cells, 
neurons were dye-filled by passing 0.5-1.0 nA hyperpolar- 
izing constant current. Brain slices containing LY-filled cells 
were fixed overnight in 4% paraformaldehyde and then 
stored up to one week in Tris-buffered saline solution at 4°C. 
Slices were then dehydrated in alcohol and cleared in methyl 
salicylate. Cells were observed and photographed using a 
Leitz Orthoplan microscope. Camera lucida reconstructions 
were also made from representative LY-filled cells. 

Statistical significance of any differences found between 
values from control and experimental groups was assessed 
by means of Student's t-test (one-tailed). 

RESULTS 

Stable intracellular recordings were obtained from 
97 neurons in the rat BLA which were classified 
electrophysiologically as pyramidal-type neurons 
based on previously established criteria from work in 

this s3 and other laboratories)  7 19 Among the most 
distinct characteristics of  pyramidal cells were the 
presence of  a prominent  afterhyperpolarization 
(AHP) following a burst of  current-evoked action 
potentials and the occurrence of  spike frequency 
accommodat ion to a prolonged (300-450ms) de- 
polarizing current injection. In addition, BLA pyra- 
midal cells characteristically fired a two-spike burst 
when depolarized to just above threshold by passage 
of  a short-duration depolarizing current pulse. Work 
from this laboratory has shown that these pyramidal 
cell response patterns are not  shared by other neur- 
onal types in the rat BLA. s2 

Stimulation of  the EC with single pulses (0.1 ms 
duration) produced a stereotyped triphasic profile of  
synaptic responses in BLA pyramidal cells (Fig. 1). 
The initial response was a fast EPSP which occurred 
at a latency of  5-10 ms following stimulus offset. The 
size of  the EPSP was graded with the stimulus 
intensity and it increased in amplitude when elicited 
at progressively more negative membrane potentials 
(Fig. 1A). The EPSP was followed by a rapidly 
developing hyperpolarization (early IPSP, open 
circles in chart records in Fig. IA) that reached its 
peak amplitude 37 + 1.6 ms (n = 46) following EC 
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Fig. 1. IPSPs in rat BLA pyramidal neurons. (A) Effect of varying membrane potential and stimulus 
intensity on the amplitude of the early and late IPSPs (e. ipsp, 1. ipsp) evoked by orthodromic activation 
in a BLA neuron. Stimulation of the EC elicited an EPSP followed by an early (open circles) and late 
IPSP (closed circles). Four responses were averaged for each of the traces in A. Resting membrane 
potential was -71  inV. (B) Plots of the amplitudes of the early and late IPSPs of the cell in A vs membrane 
potential yielded reversal potentials of -71  and - 8 6 m V  for these inhibitory responses, respectively. 
(C) Effect of varying the intensity of EC stimulation on the early and late IPSPs recorded in another 
neuron at a membrane potential of -60inV.  Traces represent the synaptic responses evoked by 
progressively more intense EC stimulation (30-80 V in 10-V increments). Stimulation of the EC at a low 
intensity (30 V) evoked only a small-amplitude EPSP followed by a pronounced early IPSP. Delivery of 
EC stimulation at intensities above 50 V resulted in the elicitation of a subsequent late IPSP as well. 

Resting membrane potential was - 7 2  mV. 
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stimulation and lasted between 200 and 300 ms. In 
most instances, stimulation of the EC triggered a 
second hyperpolarization (the late IPSP, filled circles 
in Fig. 1A) that followed the early IPSP, had a 
latency to peak amplitude of 171 + 2.6 ms (n =44) 
and lasted from 700--1000 ms. Because of the tem- 
poral overlap of these hyperpolarizing postsynaptic 
potentials, we were unable to accurately measure the 
onset latencies of the early and late IPSPs. 

The amplitudes of both the early and late IPSPs, 
like that of the EPSP, varied with the membrane 
potential at which they were evoked. For example, 
when recording at resting membrane potential 
( - 7 1  mV, middle trace, Fig. IA), stimulation of the 
EC elicited an EPSP followed by a small early and 
larger subsequent late IPSP. Each of the IPSPs 
increased in amplitude when the cell was maintained 
at a more depolarized level prior to EC stimulation 
(top trace, Fig. IA) and both inverted to depolarizing 
responses when they were elicited at a negative 
membrane potential ( - 8 9  mV, bottom trace). In all 
cells studied, the early and late IPSPs could be 
clearly distinguished on the basis of their reversal 
potentials (Fig. 1B). Overall, the early IPSP reversed 
at a level ( - 7 1 . 9  + l . l  mV, n = 40) slightly negative 
to resting membrane potential ( - 7 0 . 9  + 1.1, n = 38) 
while the reversal potential for the late IPSP was 
- 9 4 . 7 m V  + 1.3 (n =38). 

The amplitudes of the early and late IPSP and the 
probability of their occurrence were also dependent 
on the stimulus intensity used to activate BLA after- 
ents. At lowest intensities, stimulation of the EC 
produced only an EPSP, whereas increasing the 
intensity also evoked an early and late IPSP whose 
amplitudes graded with stimulus voltage (Fig. 1C). In 
nearly every cell examined (14 of 15 cases), the early 
IPSP was evoked at a lower stimulus intensity than 
that required to elicit the late IPSP. It should be noted 
that the early and late hyperpolarizing responses were 
usually separated by a depolarizing hump as can be 
seen, for example, in Fig. IC. The results of exper- 
iments in which antagonists selective for GABAA or 
GABAB receptors were used to dissociate the early 
and late hyperpolarizing responses (see below) 
suggested that this depolarization reflects the 
membrane repolarization between the early and late 
IPSPs, rather than an active conductance. 

Changes in input resistance associated with synap- 
tically evoked inhibitory responses of BLA pyramidal 
neurons were determined by measurement of electro- 
tonic potentials produced by passage of constant 
hyperpolarizing current pulses through the recording 
electrode (30 ms, - 0 . 3  nA). These analyses demon- 
strated that both the early and late IPSPs were 
associated with a decrease in membrane input resist- 
ance (n = 7, data not shown). Although the short 
duration of the current pulse, combined with the 
relatively long time-constant of BLA pyramidal cells 
(15 .7_0.7ms,  n = 4 4 )  did not allow for precise 
quantification of the resistance changes accompany- 

ing the inhibitory responses, we were able to conser- 
vatively estimate that the early and late IPSPs were 
associated with reductions in input resistance of 70% 
and 20%, respectively. 

Ionic basis and pharmacology of the early inhibitory 
postsynaptic potential 

The reversal potential of the orthodromically 
evoked early IPSP in BLA pyramidal neurons was 
virtually equivalent to those that have been reported 
for chloride-dependent inhibitory synaptic responses 
in rat hippocampa126,28 and cortical pyramidal 
cells. 13.14,43 To determine whether an increase in chlor- 
ide conductance was responsible for the early IPSP 
recorded in BLA pyramidal cells, we examined the 
effects of altering the chloride gradient across the 
neuronal membrane on this response. First, the chlor- 
ide gradient was altered by recording with KCl-filled 
electrodes. Recordings obtained from t0 cells using 
these electrodes yielded a reversal potential for 
the early IPSP of -61 .4  + 2.4mV (n = 10), a value 
significantly depolarized relative to that obtained 
with KAc-filled electrodes ( - 7 1 . 9 _  1.1 mV, n = 40, 
P < 0.05). In comparison, the reversal potential of 
the late IPSP, recorded with KCl-filled electrodes 
( - 9 4 . 7  + 1.3, n = 38), was not significantly different 
from that recorded with KAc-filled electrodes 
( -91 .3  + 2.5 mV, n = 9, P > 0.05). When recordings 
were obtained at resting membrane potential with 
KCl-filled electrodes, the polarity of spontaneous 
IPSPs gradually reversed from a hyperpolarizing to 
depolarizing direction, suggesting that these synaptic 
events were also largely chloride-dependent poten- 
tials. This notion was further supported by the find- 
ing that spontaneous IPSPs had an average reversal 
potential ( - 7 0 . 4  + 2.1 mV, n = 19) which was not 
significantly different from that of the orthodromi- 
cally evoked early IPSP ( - 7 1 . 9  + 1.1 mV, P > 0.05). 
Spontaneous IPSPs consisting of both an early and 
late hyperpolarization were observed in only four 
neurons. 

In additional experiments, we examined the effects 
of lowering the external chloride concentration on the 
IPSPs. The results of a typical experiment in which 
synaptic responses to stimulation of the EC were 
recorded at a membrane potential of - 55 mV during 
perfusion of normal bathing medium or ACSF con- 
taining a low chloride concentration are shown in 
Fig. 2. Under control conditions, stimulation of the 
EC elicited a small EPSP followed by an early and 
late IPSP (Fig. 2A, top). When the extracellular 
chloride concentration was reduced by 80% (sodium 
isothionate substitution), the reversal potential of the 
early IPSP shifted in the depolarizing direction from 
- 6 8  to - 5 5 m V ,  without affecting the amplitude 
or reversal potential of the late IPSP (Fig. 2A, B). 
Similar results were obtained in three additional 
experiments. 

To further establish the chloride-dependent nature 
of the early IPSP, we attempted to block this synaptic 
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Fig. 2. Sensitivity of the early IPSP in BLA pyramidal neurons to changes in external chloride 
concentration. (A) The amplitude of the early IPSP (closed circles) was reduced upon switching to ACSF 
in which 80% of the total chloride had been replaced with sodium isethionate. Note that little change in 
the amplitude of the late IPSP was observed. Each record represents the average of six responses. (B) Plots 
of the amplitude of the early IPSP recorded in the same neuron vs membrane potential yielded an 
extrapolated reversal potential of - 6 7 m V  for the early 1PSP in normal ACSF (closed circles) and 

- 5 6  mV in low C1--ACSF (open circles). Resting membrane potential was - 6 4  mV. 
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response with picrotoxin ( 2 0 - 5 0 # M ) ,  which acts 
selectively to block the GABAA receptor-coupled 
chloride conduc tance  in neurons.  4~ In the exper iment  
shown in Fig. 3A, superfusion of  picrotoxin (20/~M) 
abol ished only the early IPSP and  this effect was 
reversed upon  washing.  In every cell studied (n = 10), 

the picrotoxin- induced blockade of  the early IPSP 
resulted in increases in cellular excitability which 
were manifes ted by the appearance  of  spontaneous  
epileptiform bursts  and a marked  enhancemen t  in the 
ampl i tude  of  the EPSP (see Fig. 3A, middle panel). 
In addi t ion,  the apparen t  ampl i tude  and dura t ion  of  

A 
Control 20 IIM Picrotoxin Wash 

B I ,  
Control l i  50 IxM BMI Wash 

1 7 0 m s  

Fig. 3. Sensitivity of the early IPSP elicited in BLA neurons to bicuculline methiodide (BMI) and 
picrotoxin. (A, left and center) Recordings from a BLA pyramidal neuron illustrate reduction of the early 
IPSP but not the late IPSP by picrotoxin (20/IM) (thick trace superimposed on thinner control record). 
Note that blockade of the early IPSP was accompanied by a marked increase in the size of the synaptically 
evoked EPSP. Although the amplitude of the late IPSP was largely unaffected by picrotoxin, the duration 
of this hyperpolarizing response was prolonged. (A, right) The early IPSP recovered 60 min after switching 
to normal ACSF. Resting membrane potential was -- 72 mV. (B, left and center) Recordings from another 
BLA cell show blockade of the early IPSP and concomitant enhancement and prolongation of the late 
hyperpolarizing response in BMI (50/~M). Note the change in time-base in the center record. (B, right) 
Both the early and late IPSPs recovered to near control levels approximately 70 min after switching back 

to normal ACSF. Resting membrane potential was - 6 3  mV. 
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A 
Control 700 p.M Phaclofen Recovery 

6 mV 

Conu'ol 40 I~M BMI 40 I.tM BMI+ 700 p.M Phaclofen Recovery 

Fig. 4. Selective blockade by phaclofen of the late IPSP recorded in BLA neurons. (A) Superfusion of 
the GABA B antagonist phaclofen (700/~M) (middle) selectively blocked the late IPSP but did not reduce 
the early IPSP that was elicited by EC stimulation. The blockade of the late IPSP by phaclofen was 
reversed 9 rain after switching to normal ACSF (right), Each record represents the average of eight 
responses. Resting membrane potential was - 70 inV. (B) Results of an experiment in another neuron 
designed to assess the effects of concomitant blockade of GABA A and GABA B receptors on synaptic 
responses to EC stimulation. Application of bicuculline methiodide (BMI, 40 #M) blocked the early IPSP, 
while producing only a small change in the amplitude of the late I ~ P  (second panel). After switching 
to ACSF containing BMI (40 #M) and phaciofen (700/~M), both the early and late IPSPs were blocked 
and large repetitive bursts appeared (third panel, action potentials clipped). Twenty-five minutes after 
switching back to normal ACSF, the effects of the antagonists on the IPSPs were nearly reversed (right 
panel). Each record represents the average of two to four traces. Resting membrane potential was - 74 mV. 

the late IPSP was substantially increased in the 
presence of picrotoxin (Fig. 3A, middle panel and see 
below). 

Antagonists  selective for the GABAA and GABAB 
receptors were used to determine the subtype of 
the receptor mediating the orthodromicaUy evoked 
early IPSP in BLA pyramidal cells. Bath application 
of the GABAA antagonist  bicuculline methiodide 
(10-100~M) reversibly reduced or abolished the 
early IPSP in every cell examined (n = 28) (see 
Figs 3B, 4B, 5B2). The reduction of the early IPSP 
by bicuculline was observed independent of changes 
in membrane potential. However, during exposure 
to bicuculline, cells often displayed spontaneous 
epileptiform bursting activity (Fig. 5B3). In addition, 

stimulation of the EC at even low intensities often 
evoked a large EPSP which resulted in the generation 
of an epileptiform-type burst o f  action potentials, 
followed by a large subsequent hyt~rpolarization 
which overlapped the late IPSP (Fig. 3B). In marked 
contrast to the results obtained with bicuculline, bath 
application of the GABA a antagonists phaclofen 
(700#M,  n = 6 )  or 2-hydroxysaclofen (100#M, 
n = 3) had little or no effect on the amplitude of the 
early IPSP (Fig. 4A). 

Ionic basis and pharmacology of the late inhibitory 
postsynaptic potential 

In a recent study, 4~ stimulation of the stria termi-  
nalis or lateral amygdala was shown to evoke a fast 

Fig. 5. Effect of bicucuUine and 8-Br cAMP on the AHPs and synaptic responses recorded in BLA 
pyramidal neurons. (A, left) Recordings obtained in normal ACSF show the accommodation response 
(left inset) and the AHP that followed a series of current-evoked action potentials (trace 1). Superfusion 
of 8-Br cAMP (1 raM) reduced both the slow AHP (trace 2) and spike frequency accoinmodation (right 
inset). (A, right) Comparison of the synaptic responses recorded in normal ACSF (trace 1) and those 
obtained in the presence of I mM 8-Br cAMP (trace 2) revealed no change in the amplitude of the early 
or late IPSP by this agent. Resting membrane potential was -68  mV. (BI) In a different BLA pyramdial 
cell, injection of a short depolarizing current pulse produced a burst of action potentials that was followed 
by an AHP of approximately 3 s duration (trace 1, left). The AHP was not reduced following the addition 
of bicuculline methiodide (100/~M) to the bathing medium but was reduced upon s u ~ u c n t  addition 
of 8-Br cAMP (1 raM) (trace 2, right). (B2, left) In the same cell, EC stimulation evoked an EPSP followed 
by early and late IPSPs (trace 1). Records obtained 1 rain (trace 2) and 3 rain (trace 3) after switching 
to bicuculline-containing medium illustrate the progressive blockade of the early IPSP and potentiation 
of the EPSP and late IPSPs. (right) The potentiation of the late IPSP by bicuculline (trace I) was partially 
reduced by the addition of 8-Br cAMP (trace 2), (B3) In the presence of bicuculline, administration of 
8-Br cAMP (right) also reduced the AHPs which followed a current-ev0ked burst of action potentials (seen 
as the first downward deflection in the records) and the hyperpolarizations which followed spontaneously 

occurring bursts (arrows). Resting membrane potential was -73  mV. 
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IPSP and  subsequent  slow IPSP in presumpt ive  BLA 
pyramidal  neurons.  The late IPSP had  a reversal 
potent ia l  of  - 9 5  mV and was reduced by 2-hydroxy- 
saclofen, indicat ing tha t  it was generated by a 
GABAB-media ted  increase in po tass ium conduc-  
tance. The finding in the present  study that  the late 

IPSPs which were elicited in BLA pyramidal  neurons  
following EC s t imulat ion reversed at very negative 
m e m b r a n e  potent ia ls  (Ere v = - 9 4 . 7  + 1.5 mV, n = 38) 
and  were unaffected by changes in the chloride 
gradient  across the membrane  suggested that  these 
hyperpolar iz ing responses might  also be mediated by 
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an increase in potassium conductance. To test this 
hypothesis, we performed l0 experiments in which 
the reversal potential of  the late IPSP was determined 
first during perfusion of normal ACSF (containing 
3 .5mM K +) and then after switching to bathing 
medium in which the extracellular potassium concen- 
tration was either doubled or reduced by half (see 
Fig. 6A). In these experiments, the late IPSPs that 
were recorded in normal ACSF had a mean reversal 
potential of  - 8 6 . 8  + 2.5 mV (n = 7). Perfusion of 
medium containing one-half the normal extracellular 
potassium concentration shifted the reversal potential 
of  the late IPSP in the negative direction 
( - 9 8 . 7  + 3.3 mV, n = 4) whereas it was shifted in the 
depolarizing direction ( -  75.8 + 2.6 mV, n = 5) when 
the extracellular potassium concentration was in- 
creased two-fold (Fig. 6A). When the reversal poten- 
tial of  the late IPSP was plotted against external 
potassium concentration, the best-fit curve of the 
data-points yielded a slope of 58 mV per 10-fold shift 
in potassium concentration, a value near that pre- 
dicted by the Nernst equation (64mV at 32C) .  
Similar reductions in the amplitude of the late IPSP 
with increased extracellular potassium were also seen 
when recordings were obtained in the presence of 
picrotoxin (Fig. 6B). 

The effects of potassium channel-blocking agents 
were examined on the early and late IPSPs in nine 
cells to further differentiate the ionic dependence of 
these inhibitory synaptic events. In five cells, record- 
ings were made with electrodes filled with CsAc, an 
agent which blocks a number  of potassium conduc- 

tances in mammalian  neurons, in these experiments, 
shortly after impalement, neurons were momentarily 
depolarized to near spike threshold with d.c. current 
so that EC stimulation evoked an early IPSP and late 
IPSP largely uncontaminated by a preceding EPSP 
(see for example Fig. 6C, trace 1 ). Caesium was then 
injected iontophoretically into the cell for ! rain by 
passage of constant depolarizing current. When the 
EC was stimulated after caesium iontophoresis, the 
late IPSP was almost totally blocked while the early 
IPSP was essentially unchanged from control (com- 
pare traces 1 and 2 in Fig. 6C). Similar effects were 
observed in four other neurons studied in this man- 
ner. In a separate series of experiments performed in 
four additional cells, the effects produced by intra- 
cellular loading with caesium were mimicked by b~tth 
application of the potassium channel-blocker barium 
(500 # M). 

The EC-elicited late IPSP was not reduced by 
superfusion of the GABAA antagonist bicuculline 
(see Figs 3, 4) but was reversibly antagonized by the 
GABA a antagonists phaclofen and 2-hydroxysaclo- 
fen. In the experiment shown in Fig. 4A, addition of 
phaclofen (700/a M) to the superfusate selectively and 
reversibly reduced the late IPSP without affecting the 
EPSP and early IPSP or producing a change in 
membrane potential of the cell. Similar effects were 
observed in recordings from five additional BLA 
pyramidal cells and were mimicked by bath appli- 
cation of 2-hydroxysaclofen (50-100#M,  n =5) .  
Phaclofen (700/~M) also reversibly abolished the 
late IPSP in experiments in which the early IPSP 
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Fig. 6. The potassium dependency of the EC-evoked late IPSP in rat BLA neurons. (A) The reversal 
potential of the late IPSP is plotted against the extracellular K + concentration ([K + ]out). The slope of the 
best-fit regression line through the data-points had a slope of 58 mV per 10-fold shift [K+]out . This value 
is similar to that predicted by the Nernst equation. Data-points represent mean + S.E.M. for the number 
of experiments indicated. (B) Effect of perfusion of medium containing elevated (7 raM) potassium on the 
stimulus-evoked late IPSP recorded in a cell bathed in picrotoxin (40 #M). Under control conditions, 
stimulation of the EC evoked a large late IPSP when recording from a holding potential of - 60 mV (arrow 
in trace 1). When the ACSF was switched to one containing twice the normal potassium concentration, 
the late IPSP was markedly reduced (trace 2). (C) Effect of intracellular iontophoresis of caesium on the 
late IPSP. Recordings from a different BLA neuron illustrate the responses to EC stimulation obtained 
shortly after impalement of a neuron with a CsAc-filled electrode (trace l) and following intraceUular 
iontophoresis of caesium (trace 2). The effect was reversed after a 5-min application of constant 

hyperpolarizing current to lower the amount of caesium within the cell (trace 3). 
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had previously been blocked by bath application of 
bicuculline methiodide (40 #M) (Fig. 4B, n = 4). 

The time-course and reversal potential of the late 
IPSP were quite similar to those of the slow AHP that 
follows a burst of spikes in BLA pyramidal cells. 
Therefore, we tested the possibility that a calcium- 
dependent potassium conductance might underlie 
these synaptic events by examining the late hyper- 
polarizing response to EC stimulation under con- 
ditions which had previously been shown to abolish 
the calcium-dependent potassium conductance. 
Recordings were obtained in seven neurons using 
microelectrodes containing the calcium chelator 
EGTA (0.2 M in 2 M KAc). In all cases (n = 7), 
intracellular injection of EGTA reduced the fast 
component and blocked the slow component of the 
AHP that followed a current-evoked burst of action 
potentials while having no effect on the stimulus- 
evoked early or late IPSPs (data not shown). In 
additional experiments, inhibitory responses to EC 
stimulation were examined before and during bath 
application of 8-Br cAMP. In all four cases, appli- 
cation of 8-Br cAMP (1 mM) reduced or abolished 
the slow AHP that followed a burst of action poten- 
tials (Fig. 5A, left) without affecting the early or late 
IPSPs (right). 

Although the late IPSP did not appear to be 
mediated by the activation of a calcium-dependent 
potassium conductance, such a mechanism appeared 
to account, at least in part, for the apparent increase 
in size of the late IPSP that was typically produced 
by superfusion of convulsants such as bicuculline 
methiodide or picrotoxin (e.g. see Fig. 3B). Thus, 
when recordings were made in the presence of 
bicuculline methiodide (100/~M), bath application 
of 8-Br cAMP (1 raM), an agent which blocks the 
slow AHP in BLA pyramidal cells (see Fig. 5A, left 
and 5B1, right), reduced by approximately 25% 
(23.2 _+ 4.6%, n = 5) the amplitude of the hyperpolar- 
ization which followed the synaptically evoked 
epileptiform burst (Fig. 5B2, right). The hyperpolar- 
izations which followed spontaneous epileptiform 
bursts of action potentials in bicuculline-treated slices 
were also reduced in amplitude during superfusion 
of 8-Br cAMP (Fig. 5B3, right). It should be noted 
that an enhancement of the late-hyperpolarizing 
synaptic responses by bicuculline or picrotoxin 
has been reported in recordings of rat hippocampal 3v 
and lateral geniculate neurons. ~4 In these cases, the 
drug-enhanced hyperpolarization was largely at- 
tributed to a disinhibition of intrinsic GABAergic 
interneurons. The same mechanism could provide the 
primary mechanism for the enhancement of the late 
hyperpolarization reported here since recordings 
from presumptive GABAergic interneurons (n = 2) 
showed that bicuculline (30/~M) markedly reduced 
GABA-mediated inhibitory responses in these cells 
and led to the generation of spontaneous and 
stimulus-evoked epileptiform bursts (unpublished 
observations). 

GABA responses 

The records in Fig. 7A show the typical responses 
produced in a BLA pyramidal cell by brief pressure 
application of GABA to the surface of the slice 
near the recording electrode. In this experiment, a 
series of responses to GABA application was 
recorded while the membrane potential of the cell 
was adjusted away from resting level ( - 7 4 m V )  
by passage of constant hyperpolarizing or depolar- 
izing current. At a membrane potential of - 6 0  mV, 
delivery of a 30-ms pulse of GABA evoked a triphasic 
response consisting of an initial hyperpolarization 
of brief duration (typically less than 1 s) at short 
latency (denoted by an A in Fig. 7A and from 
here on referred to as the GABA~h response) super- 
imposed on a small membrane depolarization (de- 
noted by a B in Fig. 7A and subsequently referred 
to as the GABAd response). Both responses were 
associated with a large increase in membrane con- 
ductance as indicated by the reduction in the ampli- 
tude of the electrotonic potentials produced by 
passage of constant current hyperpolarizing pulses 
through the recording electrode. These initial re- 
sponses to GABA were followed by a late hyper- 
polarization (denoted by a C in Fig. 7A and 
subsequently referred to as the GABA~h response) 
which was also associated with an increase in mem- 
brane conductance, albeit of much smaller magnitude 
than that observed during the GABAih and GABA d 
responses. All three components of the GABA- 
induced response could be attributed to direct post- 
synaptic effects of the drug since they were observed 
in recordings obtained when synaptic events were 
abolished by TTX (l~lM, n =8)  or cadmium 
(100pM, n = 4 ) .  In addition, the finding that 
the responses to GABA were not altered by bath 
application of cadmium indicates that none of the 
components involved the activation of a calcium- 
dependent conductance. 

Initial insight about the ionic conductances under- 
lying the GABAih, GABA d and GABA~h responses 
was obtained from determinations of their respective 
reversal potentials, as illustrated in Fig. 7B. For the 
neuron shown in Fig. 7A and in nearly all cells 
studied, the initial hyperpolarizing response to 
GABA reversed near resting membrane potential 
(Ere v = - 6 7 . 5  + 1.0, n = 18). Typically, the reversal 
potential of the depolarizing response to GABA 
(Ere v = - 5 4 . 7 _ + 2 . 3 m V ,  n = 2 3 )  was much more 
depolarized than resting membrane potential and 
in many instances was positive to spike threshold. 
On the other hand, the late hyperpolarization 
to GABA reversed at a membrane potential sub- 
stantially negative to resting membrane potential 
(Erev = -81.7  _+ 1.2mV, n =26). It should be noted 
that although reversal potentials were readily ob- 
tained for the GABAih and GABA d components in 
most neurons, it was much more difficult to invert the 
GABA~h response. 
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Fig. 7. Responses to pressure application of GABA~ (A) The voltage records in A, obtained from the same 
pyramidal neuron, show the effect of membrane potential on the GABA-induced triphasic response. 
A 30-ms pulse of GABA was pneumatically applied (indicated by small filled circles in the voltage records) 
while recording at each of the potentials indicated. Downward deflections on the voltage records in this 
and all subsequent figures represent hyperpolarizing electrotonic potentials obtained in response to a 
constant pulse of current (typically -0 .3  hA, 100 ms). (B) The amplitudes of the GABA~ (filled circles), 
GABA d (open circles) and GABA~ (filled triangles) components of the GABA response of the cell in 
A (labeled as A, B and C, respectively, in voltage records, see text for details) were plotted against 
membrane potential. Responses were measured at their peak amplitudes and yielded reversal potentials 
for the GABAd, GABA~ and GABAth responses of -58,  - 6 8  and - 8 6  mV. Resting membrane potential 

was - 74 inV. 

The amplitude and pattern o f  the membrane 
response to brief pulses o f  G A B A  were dependent on 
the location of  the site of  drug application. This is 
demonstrated schematically in the experiment illus- 
trated in Fig. 8. For  these experiments, we took 
advantage o f  the fact that BLA pyramidal cells 
typically exhibit a rostrocaudal orientation with the 

apical dendrite pointing rostrally. 33 In this BLA 
pyramidal neuron a series of  responses to G A B A  was 
recorded at a membrane potential of  - 60 mV follow- 
ing delivery of  drug at a number of  ejection sites 
along the extent of  its dendritic tree. All of  the records 
shown in this figure were obtained using an electrode 
filled with 4% LY in l M lithium acetate. A camera 
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Fig. 8. Effect of application site of local drug delivery on the responses of a BLA pyramidal cell to GABA. 
The responses were obtained from a single LY-labeled neuron in a horizontal slice of rat ventral forebrain. 
All responses were recorded at a membrane potential of -60 mV during application of GABA (50 ms 
pulse) at the approximate sites indicated along the somatodendritic axis of the neuron (arrows). Note that 

dendritic spines were not drawn. Resting membrane potential was - 68 mV. 

lucida reconstruction of the labeled neuron is shown 
along with the corresponding changes in membrane 
voltage produced by the same pressure application of 
GABA at the five sites indicated (bottom). Appli- 
cation of a small amount of GABA in the proximal 
dendrites (positions indicated by 1 and 3) or larger 
applications in the distal dendrites (positions 4 and 
5) of this neuron produced biphasic membrane 
responses composed of GABA d and GABAIh phases 
(Fig. 8). On the other hand, the GABAih component 
was observed only when the tip of the GABA- 
containing pipette was positioned close to the somatic 
recording site (position 2, Fig. 8) or when large 
applications of drug were delivered in dendritic 
locations. Results similar to these were observed in 
six additional LY-labeled BLA pyramidal cells in 
which responses to GABA were determined following 
drug application at multiple sites along the somatic-- 
dendritic axis of the cell. 

Ionic mechanism and pharmacology of the GABA- 
induced initial hyperpolarization and GABA-induced 
depolarization 

The ionic mechanisms underlying the responses of 
BLA pyramidal neurons to GABA were first investi- 
gated by determining the effect of altering the chlor- 
ide gradient on the depolarizing and hyperpolarizing 
components of the response. The results of a repre- 
sentative experiment in which responses of a BLA 
neuron to brief applications of GABA were recorded 
over a range of membrane potentials, first in normal 

bathing medium and then during perfusion of low 
chloride-containing ACSF (sodium isethionate sub- 
stitution) are shown in Fig. 9. In this cell, perisomatic 
application of GABA evoked the typical triphasic 
response, as described above. Switching to low- 
chloride ACSF resulted in a depolarizing shift in the 
reversal potential of the GABA d response (n = 3) 
(Fig. 9A, B). The late hyperpolarization to GABA 
was unaffected by changes in the chloride gradient 
across the membrane. Attempts to examine the 
chloride-dependency of the GABA~h response were 
hampered by the marked increase in amplitude of the 
depolarizing response to GABA when recording in 
low-chloride medium. 

Addition of a low concentration (10 #M or less) of 
picrotoxin to the bathing medium markedly reduced 
the GABA d component of the triphasic response to 
GABA, whereas the GABAth and GABA~h responses 
were relatively unaffected (Fig. 9C). We took advan- 
tage of this differential susceptibility of the GABAd 
response to picrotoxin blockade in order to examine 
how changes in extracellular chloride concentration 
affected the GABA~ response. The results of such an 
experiment in which responses to GABA were first 
recorded in normal ACSF, after which the medium 
was switched to one containing picrotoxin (10/~M), 
are shown in Fig. 9C. When the external chloride 
concentration was reduced by 80%, the amplitude 
of the GABAih decreased and its reversal potential 
was shifted in the depolarizing direction. The 
GABAIh was unaffected by this manipulation. Similar 
results were obtained in three other cells studied in 
this manner. 
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Fig. 9. Effect of low extracellular chloride on the responses of a BLA pyramidal cell to GABA. 
(A) Chloride-dependency of the depolarizing response to GABA. Voltage traces show the GABA 
responses recorded at each of the indicated membrane potentials during perfusion of normal medium (left 
column) and after switching to ACSF in which extracellular chloride had been reduced by 80% (sodium 
isethionate substitution) (right column). (B) The amplitude of the depolarizing response to GABA in this 
cell is plotted against membrane potential. Note that the reversal potential of the GABA~ response was 
shifted in the depolarizing direction in low-chloride medium. Resting membrane potential was - 74 mV. 
(C) Effect of low extracelhilar chloride on the GABA~ response recorded in another BLA pyramidal celt. 
Voltage traces show the response to perisomatie GABA application obtained under each of the indicated 
conditions. In normal medium, the response consisted of GABA~ (arrow), GABA d and GABA~ 
components. (C, second panel) Ten minutes after switching to medium containing picrotoxin (10 gM), 
the GABA e response was selectively reduced. (C, third panel) The bathing solution was then changed to 
one which contained picrotoxin (10 ,uM) and low chloride (20% of normal). Under these conditions, the 
amplitude of the GABAih response was reduced while the GABA m component was unaffected. (C, right 
panel) Each of the effects was reversed within 20 rain after returning to normal bathing medium. Resting 

membrane potential was -73 mV. 

We next compared the effects of picrotoxin 
(1 0-100/~ M) on responses evoked by EC stimulation 
and to GABA pressure ejection in the same BLA 
neuron. In the experiment shown in Fig. 10, addition 
of picrotoxin (20/~ M) to the bathing media caused 
a marked reduction in both the early IPSP 
(Fig. 10AI) and in the GABAd and GABA~ re- 
sponses (Fig. 10A2). It should be noted, however, 
that the GABA~ component was generally less sensi- 
tive to the antagonist than was the GABA~ response, 
with a picrotoxin concentration of 100/~M typically 
being necessary to abolish the response. Adminis- 
tration of picrotoxin did not reduce the late IPSP 
recorded following EC stimulation or the late hyper- 
polarizing response to local GABA application, Simi- 
lar results were obtained in six additional neurons 
that were studied in this manner. 

Considerable evidence indicates that GABA- 
induced hyperpolarizations that are associated with 
an increase in chloride conductance are mediated 

via activation of a GABA A receptor (for review, see 
Ref. 8). In this regard, we found that the chloride- 
mediated early IPSP recorded in BLA pyramidal cells 
was effectively blocked by the GABAA antagonist 
bicuculline methiodide. Therefore, we examined the 
ability of bicuculline (20-100 #M) to block responses 
to pressure application of GABA. Bath application of 
bicuculline methiodide effectively blocked both the 
initial hyperpolarizing and depolarizing responses to 
GABA, whereas the GABA~ component was un- 
affected (Fig. 10B, right). This effect was observed in 
recordings from eight other cells. In addition, in three 
of these neurons, blockade of the depolarizing re- 
sponse to GABA by bicuculline unmasked a larger 
underlying GABA~ component (data not shown). 
The GABA~ component was generally found to be 
less sensitive to bicuculline than the GABAd response, 
although, as with picrotoxin, both responses were 
totally abolished by high concentrations (typically 
50-100/~M) of the antagonist. 



Inhibitory responses of BLA neurons 823 

A 
1 Conlrol 

2 

-55 ~ 

20 ~M Picrotoxin Recovery 

1 

B 

Control 100 ~tM BMI 

Fig. 10. Effects of picrotoxin and bicuculline on synaptic and GABA responses. (A1) Reversible reduction 
of the synaptically evoked early IPSP by picrotoxin. (A1, center) Eight minutes after switching to 
picrotoxin-containing ACSF, the early IPSP was blocked and the EPSP increased in amplitude. (A1, right) 
The synaptic responses returned to near pre-drug level 40 min after switching to normal ACSF. For 
comparison purposes, the control record (thin line) is superimposed over the responses recorded in 
picrotoxin and after recovery. The control record represents the average of six responses and the picrotoxin 
and recovery records are the averages of three responses each. (A2) Effects of picrotoxin on the neuronal 
responses to GABA in the same cell as in A1. Voltage traces show the triphasic membrane responses to 
local application of GABA recorded at two membrane potentials (filled circles). Picrotoxin markedly 
reduced the GABA d and, to a lesser extent, the GABA~h component while the GABAIh response was 
unaffected. Recovery records were obtained 50 min after switching back to normal ACSF. Resting 
membrane potential was - 72 mV. (B) Effect of bicuculline on the response to GABA pressure ejection 
recorded in a different BLA pyramidal cell. Voltage traces illustrate triphasic responses to local application 
of GABA recorded at three membrane potentials. The GABA~n and GABA d components were blocked 
by the GABA A antagonist bicuculline methiodide (BMI; 100/~M) while the GABA~h response was 

unaffected. Resting membrane potential was -64mV.  

Ionic mechanism and pharmacology of the GABA- 
induced late hyperpolarization response 

The relative insensitivity of  the GABA~h response 
to changes in extracellular chloride, as well as its 
negative reversal potential ( -81 .7_+  1.2, n =26) ,  
suggested that an increase in potassium conductance 
might be responsible for this component  of  the 
GABA-induced  response. To investigate this possi- 
bility, in nine cells we examined how changes in the 
extracellular potassium concentration affected the 
late hyperpolarizing response to GABA.  These exper- 
iments were performed in the presence of  bicuculline 
(50/~M) in order to study the GABAIh in relative 
isolation. In the experiment illustrated in Fig. 11A, 
brief application of  G A B A  produced a pure hyper- 
polarizing response that reversed at approximately 
- 9 0  mV when recordings were obtained in A C S F  
of normal extracellular potassium concentrat ion 
(3.5 raM) (middle column). The reversal potential of  
the GABA~h was shifted to a more negative potential 
upon switching to A C S F  in which the external 
potassium concentrat ion was lowered to half  its 
normal level (left column). Conversely, the reversal 
potential for the GABA-induced  hyperpolarization 

was shifted approximately 10 mV in the depolarizing 
direction during perfusion of  medium in which the 
potassium concentration was twice that of  control 
(7 mM) (right column). The pooled results from all 
nine experiments are shown in Fig. 11B. The slope of  
the best-fit line through the points in the plot yielded 
a 55-mV shift in the reversal potential of  the GABA~h 
response for a 10-fold change in external potassium 
concentration, a value close to that predicted by the 
Nernst equation (64 mV at 32°C). The finding in these 
experiments that the late hyperpolarizing response to 
G A B A  was blocked by superfusion of  the potassium 
channel blocker barium (500-1000/t M, n = 4) 
(Fig. l lC) provided additional evidence that this 
response is mediated by an increase in potassium 
conductance. 

To determine whether the bicuculline-resistant 
GABA~hS were mediated by activation of  G A B A  B 
receptors, we attempted to block these responses 
using the G A B A  B antagonist  phaclofen in five BLA 
pyramidal cells. The records in Fig. 1 ID illustrate the 
effect of  bath-applied phaclofen (700#M)  on the 
GABA-induced responses that were recorded while 
maintaining the membrane potential of  the cell just 
below threshold for firing with intracellular current 
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Fig. I I. Potassium dependency and pharmacology of the law hyporpolarizing response to GABA. 
(A) Reversal potential of the GABA~ response. Each of the records was obtained from one BLA 
pyramidal cell when recording in the presence of bicucullinc mcthiodide (50/~M) which blocked the 
GABAd and GABAih components while leaving the GABA_I response intact. When recording in 
bicuculline-containing medium with the normal external potassium concentration (3.5 raM) (center 
column), pressure application of GABA evoked a hyperpolarizing response (GABA~) which reversed at 
--90 inV. When the potassium concentration was reduced to half its normal concentration, the reversal 
potential of the response shifted to a more negative potential (left column). Conversely, it shifted to a 
more positive potential when the potassium concentration was doubled (fight column). Resting membrane 
potential was - 70 mV. (B) Effect of changing external potassium concentration on the reversal potential 
of the GABA~h response. The reversal potential of the GABA~ response obtained in the presence of 
bicucuUine was plotted against the external potassium concentration. Each data-point represents the 
mean + S.E.M. (capped bars) for the number of experiments indicated. (C) Reversible reduction by 
barium of the GABA~ response recorded in another BLA pyramidal neuron in the presence of bicuculline 
methiodide (50 #M). The response to GABA application was greatly reduced by barium (500/~M) (center) 
and this effect was reversed 25 rain after switching back to medium containing bicucuUine (right). Resting 
membrane potential was - 6 8  inV. (D) Blockade of the GABA~ response by phaclofen. In a different BLA 
pyramidal neuron, application of GABA elicited a triphasic response profile (left, arrow indicates GABA~ 
component of the response). In the presence of  the GABAe antagonist phaclofen (700/~M), the GABA~ 
component was blocked while the GABA~. and GABAd responses remained relatively unaffected (center). 
The recovery record was obtained 15 min after switching back to normal medium. Resting membrane 

potential was - 7 3  mV. 

injection. In this cell and the four other  neurons 
tested, phaclofen (700-1000 # M )  reversibly reduced 
or  abolished the G A B A ~  while having little or  no 
effect on the GABA~ and G A B A ~  responses that  
were recorded in normal  ACSF.  In addition, 
phaclofen also reduced or blocked the late hyper- 
polarizing responses to G A B A  recorded in the pres- 
ence o f  bicuculline (n = 3). 

Baclofen responses 

Brief pressure applications o f  the G A B A  B agonist 
baclofen (1-3 m M  in the pipette) to the surface of  the 
slice produced long-lasting membrane hyperpolariz- 
ations in all BLA pyramidal neurons examined 
(n = 16). The hyperpolarizing responses to baclofen 

graded in amplitude with increases in the number or 
length of pressure pulses applied to eject the drug and 
were associated with a 2(I-50% decrease in input 
resistance (see record in Fig. 12CI). Unlike the initial 
hypcrpolarizing and depolarizing responses that 
were produced by local application of GABA, the 
baclofen-induced hyperpolarization had a consider- 
ably longer latency to onset (usually beginning 
2-5 s after drug ejection) and typically lasted for 
minutes rather than seconds. No attempt was made 
to determine systematically the site of generation of 
the hypcxpolarizations to baclofen although the 
largest responses seemed to occur following dendritic 
applications of the drug. The hype~larizing 
responses to baclofen persisted in the presence of 



Inhibitory responses of BLA neurons 825 

TTX (1/~M, n =4 ) ,  indicating that the observed 
effects resulted from a direct action of the drug on the 
recorded neuron. 

Membrane hyperpolarizations to baclofen were 
largest when elicited in cells depolarized to just below 
firing threshold with intracellular current injection 
and decreased in amplitude as the membrane was 
hyperpolarized below resting membrane potential 
(Fig. 12A). The reversal potential obtained for 
baclofen-induced hyperpolarizations in 12 neurons 
was - 8 8 . 3  + 1.2mV. Nevertheless, it was very 
difficult to reverse the polarity of the baclofen re- 
sponse from a hyperpolarizing response to a depolar- 
izing one, even when testing was done while recording 
at a membrane potential more negative than the 
estimated potassium equilibrium potential of the cell 
( - 95 mV). 

To investigate the ionic mechanism underlying 
the response to baclofen, we tested the effect of 
the potassium channel-blocker barium on the 
baclofen-induced hyperpolarizing response. The 
records in Fig. 12C demonstrate blockade by 
bath-applied barium (500pM) of the baclofen- 

induced hyperpolarization in a BLA pyramidal cell 
held to near threshold for spike firing. Similar results 
were obtained in three additional BLA pyramidal 
cells. These findings strongly suggest that the hyper- 
polarizations produced by baclofen pressure ejection 
were mediated through an increase in potassium 
conductance. This hypothesis was further supported 
by the inability of bath-applied picrotoxin (40 # M, 
n = 3) to reduce or block the baclofen response. 
In addition, the reversal potential of the baclofen 
response was similar when recording with KAc- 
filled ( - 8 8 . 3  + 1.2mV, n = 12) or KCl-filled 
( -  86.9 mV _+ 8.2, n = 3) electrodes. 

In a final series of experiments, the responses of 
BLA pyramidal cells to local application of baclofen 
were examined in the presence of bicuculline or 
phaclofen to confirm that the baclofen-induced 
hyperpolarizations were mediated via activation 
of GABA~ receptors. In the experiment shown in 
Fig. 13, addition of bicuculline methiodide (40 #M) 
to the superfusate abolished spontaneous IPSPs (seen 
as small downward deflections in the left chart record 
in Fig. 13A) as well as the early IPSP that was elicited 

A B a c l o f e n  R e s p o n s e s  B 

-62 

g 
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Fig. 12. Responses of a BLA pyramidal cell to pressure application of baclofen. (A) Effect of membrane 
potential on the hyperpolarization response to baclofen. Local application of the GABAn agonist baclofen 
(7 ms, filled circles) at each of the three test potentials indicated produced a membrane hyperpolarization 
which had a reversal potential below - 8 0  mV. It should be noted that the reversal potentials for the 
orthodromic early and late IPSPs elicited in this cell following EC stimulation were - 72 mV and - 90 mV, 
respectively. Resting membrane potential was - 76 mV. (B) Plot of the amplitude of the baclofen-induced 
hyperpolarization versus the test membrane potential yielded a reversal potential of - 87  mV for this 
baclofen response. Each data-point represents the mean + S.E.M. (capped bars) of eight to 11 experiments. 
(C) Reduction of the hyperpolarization response to baclofen by barium. In a different cell, local 
application of baclofen (filled circle) produced a prolonged membrane hyperpolarization. Return of the 
membrane back to the pre-drug potential with d.c. current (solid line under left record) revealed a marked 
decrease in input resistance during the agonist-induced hyperpolarization. The hyperpolarization to 
baclofen was almost totally blocked in the presence of barium (500#M) (right). Resting membrane 

potential was - 6 9  mV. 
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Fig. 13. Effects of bicuculline and phaclofen on the baclofen-induced responses and inhibition of synaptic 
potentials in a BLA pyramidal neuron. (A) Reduction of the baclofen response by phaclofen. Records 
from the same cell as shown in Fig. 12 illustrate blockade of hyperpolarizing response to baclofen by 
phaelofen. The hyperpolarizing response to pressure-applied baclofen (7 ms, filled circles) was not blocked 
during superfusion of the GABA A antagonist bicuculline methiodide (BMI, 40itM, center) but was 
blocked by the addition of the GABA B antagonist phaclofen (700 ItM, right). Upward deflections on right 
voltage record represent spontaneous epileptiforrn burst discharges. (B) Effect of bicuculline and phaclofen 
on synaptically evoked responses of this neuron to EC stimulation. During administration of bicuculline 
methiodide (40 It M), the early IPSP was completely blocked, whereas the EPSP and late IPSP were both 
increased in amplitude and prolonged in duration. The late IPSP was subsequently blocked upon addition 

of phaclofen (700 It M) to the superfusate (right). Resting membrane potential was -76  mV. 

in this neuron by EC stimulation (Fig. 13B). Note 
that administration of  the GABAA blocker did not 
reduce the hyperpolarization and associated decrease 
in membrane input resistance produced by brief 
pressure application of baclofen (Fig. 13A). How- 
ever, the effects of baclofen were totally abolished 
when the bathing medium was switched to one 
containing both bicuculline (40/~M) and phaclofen 
(700 #M). Under these conditions, the early and late 
IPSPs evoked by EC stimulation were also blocked 
(Fig. 13B, right panel) leading to the occurrence of 
spontaneous seizure activity (see, for example, large 
upward deflections in Fig. 13A, right) and the gener- 
ation of large synaptically-evoked epileptiform burst 
discharges (see Fig. 13B, fight). Similar results were 
obtained in three other neurons. 

D I S C U S S I O N  

Inhibitory synaptic responses 

Several lines of evidence indicate that the early 
IPSP recorded in rat BLA pyramidal neurons follow- 
ing EC stimulation is mediated via the activation of  
GABAA receptors and a resultant increase in chloride 
conductance. First, the reversal potential of this 
hyperpolarizing response ( - 7 1 . 9 + l . l m V )  was 
chloride-dependent, shifting in the depolarizing direc- 
tion when recordings were obtained with KCl-filled 

electrodes and, more importantly, upon lowering of 
the external chloride concentration. In contrast, alter- 
ations in extracellular potassium concentration had 
little effect on the early IPSP. Second, the early IPSP 
was abolished by picrotoxin and the GABA A antag- 
onist bicuculline methiodide, but not by the GABA8 
antagonists, phaclofen or 2-hydroxysaclofen. These 
findings confirm and extend earlier observations 
that picrotoxin blocks orthodromically evoked 
early IPSPs in pyramidal cells in rat BLA. 17 Thus, 
pyramidal neurons in the rat BLA can be added to 
a growing list of mammalian neurons that show 
modulation by a chloride-dependent IPSP mediated 
via activation of GABAA receptors. 

The late IPSP that was elicited in BLA pyramidal 
neurons following EC stimulation had markedly 
different properties than the early IPSP, including a 
more negative reversal potential ( - 9 4 . 7  + 1.3 mV), 
much longer duration and a smaller underlying 
change in membrane conductance. In addition, the 
late IPSP was not affected by changes in the chloride 
gradient or reduced by bath application of picrotoxin 
or bicuculline. Instead, we found that the reversal 
potential of the late IPSP shifted in a Nernstian 
manner with changes in extracellular potassium con- 
centration and was blocked by intraceltular ionto- 
phoresis of  caesium or by extracellular barium. The 
late IPSP was also reversibly blocked by phaclofen 
or 2-hydroxysaclofen, drugs known to be selective 
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antagonists for the GABAB receptor subtype (for 
review, see Ref. 10). On the basis of these results, we 
conclude that the late IPSP in rat BLA pyramidal 
cells is mediated by an increase in a potassium- 
dependent conductance that is coupled to the acti- 
vation of the GABA a receptor. The late 
hyperpolarizing synaptic potentials recorded here in 
rat BLA neurons possessed many of the character- 
istics of potassium-dependent late IPSPs that 
have previously been described in several other brain 
regions. 4'13'26'38 However, only recently, with the intro- 
duction of GABAB receptor-selective antagonists, has 
it become possible to definitively characterize late 
IPSPs as being GABA~-mediated events) 5"21"25"42"46 

The difference in the latency to onset of the early 
and late IPSPs reported here, as in neurons in other 
brain regions, 4"~3'~4'2~28"51 may be a reflection of several 
factors. Binding experiments have demonstrated that 
GABA A receptors have a three- to four-fold higher 
affinity for [3H]GABA than do GABAB receptors. ~2 
This suggests that a preferential activation of GABAA 
receptors by synaptic release of the neurotransmitter 
might account for the shorter onset latency of the 
GABAA-mediated early IPSP. Alternatively, the 
longer onset latency of the late IPSP could be 
explained if GABA A receptors were located in close 
apposition to the presynaptic terminals and GABA B 
receptors were located extrasynaptically, as has been 
suggested from studies in hippocampal pyramidal 
cells. 3 Additionally, higher stimulus intensities were 
needed to elicit late, compared to early, IPSPs in BLA 
pyramidal neurons, as in rat hippocampal pyramidal 
cells. 37 The possibility also exists that separate subsets 
of interneurons could mediate the early and late 
IPSPs recorded in BLA pyramidal cells, as suggested 
in recent studies performed in rat hippocampus? L45 
Support for this possibility comes from the finding 
that stimulation of BLA afferents in the stria termi- 
nalis or lateral amygdaloid nucleus produced differ- 
ent IPSP profiles in rat BLA neurons. 42 Finally, the 
difference in onset latencies could also be related to 
the fact that the GABA A receptor is physically 
coupled to the chloride channel (for review, see 
Ref. 8) whereas the GABA B receptor appears to be 
coupled to its associated potassium channel through 
an intermediate guanine nucleotide binding protein. 48 
Although we have yet to characterize the nature 
of the potassium conductance which underlies the 
late IPSP, data presented here argue against the 
involvement of the calcium-dependent potassium 
conductance which underlies the slow AHP. 

Ionic mechanisms and pharmacology of  GABA 
responses 

The complex response profile produced in BLA 
pyramidal neurons by brief pressure application 
of GABA has previously been described in neurons 
from a number of other brain regions including 
mammalian hippocampus, 3,24.5° cortex 13,44 and thala- 
mus. 14 Application of GABA to the dendritic 

region of BLA pyramidal neurons typically evoked 
a biphasic membrane response, consisting of a 
bicuculline- and picrotoxin-sensitive depolarization 
(GABAd) followed by a hyperpolarization (GABAI0 
of longer duration. The depolarizing component of 
the GABA-induced response appeared to be a chlor- 
ide-dependent event since the reversal potential of 
this response was shifted by changes in the chloride 
gradient across the membrane. The GABA~h response 
was not reduced by bicuculline or picrotoxin, but was 
blocked by phaclofen, indicating its mediation via 
GABAB-type receptors. The finding that the reversal 
potential of the late hyperpolarizing response to 
GABA was shifted in a Nernstian manner with 
changes in the extracellular potassium concentration 
is consistent with its mediation by an increase in 
potassium conductance. Other investigators have re- 
cently demonstrated that phaclofen blocked similar 
types of late hyperpolarizing responses produced 
by local application of GABA within the dendrites 
of rat hippocampal pyramidal cells ~5 and thalamic 
n e u r o n s .  46 

Delivery of larger amounts of GABA to the den- 
drites or brief applications of drug to the soma of the 
impaled neuron elicited an additional brief hyper- 
polarization (GABA~h) that either preceded or was 
superimposed on the GABA-induced depolarizing 
response. This initial hyperpolarizing potential was 
distinguished from the GABA~h response on the basis 
of its reversal potential (approximately - 6 8  mV), 
which, like that of the early IPSP (approximately 
- 7 2  mV), was approximately 10-15 mV depolarized, 
relative to the reversal potential of the GABA~h 
component. In addition, the GABA~h component, in 
contrast to the GABA~h response, was reduced or 
abolished by bicuculline. The initial hyperpolarizing 
response produced in BLA neurons by local appli- 
cation of GABA shares many features with the initial 
chloride-dependent hyperpolarization that has been 
reported following somatic application of GABA to 
neurons in rodent hippocampus, L3'4~27~38 cortex ~3 and 
thalamus. 14 

Although the GABA~h and GABA d responses were 
both sensitive to changes in the chloride gradient 
across the membrane, they had markedly different 
reversal potentials. While presently there is no clear 
explanation for the difference in the reversal poten- 
tials between these presumably chloride-mediated 
hyperpolarizations, one explanation advanced in a 
number of studies is that transmembrane chloride 
gradients in the dendrites of pyramidal cells may be 
different from that which exists at the cell body. 38'5° 
Depolarizing responses to GABA are not limited to 
exogenous application of the drug but have also been 
demonstrated after stimulus-evoked synaptic release 
of the neurotransmitter in recordings from rat hippo- 
campal pyramidal cells obtained in the presence of 
barbiturate 3'49 or the convulsant 4-aminopyridineJ 
Nevertheless, the potential physiological significance 
of the dendritic depolarizing responses remains 
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unclear at present, since depolarizing responses that 
are mediated by synaptic release of GABA have 
yet to be obtained in any neuron while recording 
in normal bathing medium when normal GABA- 
mediated inhibitory events are intact. 

The differences in the profile of GABA responses 
that were obtained by altering the location of drug 
application along the soma-dendritic axis of BLA 
pyramidal cells suggest that the GABA~ response was 
mediated via activation of somatic GABA receptors 
while the GABA a and GABAIh components arose 
from actions in the dendrites. In this regard, the 
location-dependent nature of the responses produced 
by local GABA application in BLA pyramidal cells 
mirrors the situation that has been demonstrated 
previously in rat hippocampal 3'7'24'38 and cortical 
pyramidal cellsJ 3 In this study, we did not attempt 
to determine the anatomical site of generation of 
the orthodromically evoked early and late IPSPs 
recorded in BLA neurons following EC stimulation. 
In rat hippocampal pyramidal cells, evidence for a 
somatically generated early IPSP and dendritically 
evoked late IPSP was derived from the finding that 
somatic application of TTX or cadmium blocked the 
early IPSP elicited by Schaffer collateral stimulation 
but had smaller effects on the late IPSP. 37 The notion 
that the late IPSP recorded in hippocampal cells is 
dendritic in origin is also supported by autoradio- 
graphic analyses of [3H]GABA binding sites in hippo- 
campus, which reveal very low levels of GABA B 
receptors in the pyramidal cell layer. 9 

Immunohistochemical localizations of GABAergic 
elements in the rat BLA carried out at both the light 34 
and electron microscopic levels IL4° have demon- 
strated synaptic contacts between GAD-immuno- 
reactive nerve terminals and the somata and proximal 
dendrites of BLA pyramidal-type projection neurons. 
Since very feff of these same contacts were found 
on the distal dendrites, it seems likely that GABA- 
mediated synaptic responses of BLA pyramidal 
neurons arise through activation of receptors on the 
cell body or the proximal dendrites. Nonetheless, 
resolution of this issue will require knowledge of the 
precise cellular distribution of GABAA and GABA B 
receptors on BLA pyramidal cells. 

Ionic mechanism and pharmacology o f  the baclofen 
response 

Several lines of evidence indicate that the hyper- 
polarizing responses of the rat BLA pyramidal cells 

to baclofen, like those recorded in hippocampal 
pyramidal cells, 16'20'23'24'38 were mediated by an in- 
crease in potassium conductance linked to activation 
of GABA B receptors. First, these hyperpolarizing 
responses were associated with a decrease in input 
resistance and reversed at negative membrane poten- 
tials (approximately - 8 8  mV). Second, baclofen re- 
sponses were abolished by superfusion of the 
potassium channel blocker barium. In contrast, the 
baclofen-induced hyperpolarizations were not altered 
after intraceUular loading of cells with chloride, using 
KCl-filled recording electrodes. Third, the findings 
that the hyperpolarizing responses to baclofen were 
blocked by phaclofen but not by bicuculline or 
picrotoxin indicate that they resulted from selective 
activation of GABAB-type receptors. Similar antag- 
onism of the baclofen-induced response by phaclofen 
has been shown in pyramidal cells of rat hippo- 
campus, ~5 dorsolateral septum neurons 21 and in lat- 
eral geniculate nucleus neurons. 46 

CONCLUSIONS 

In summary, this study has provided evidence for 
a physiological role for the GABAergic innervation 
of BLA pyramidal-type projection neurons demon- 
strated in previous anatomical workJ 1"34'39'4° Results 
presented here extend recent findings which indicate 
that GABA plays an inhibitory role in the BLA 
through actions at a picrotoxin -j7 or bicuculline- 
sensitive 42 binding site, as well as at a 2-hydroxy- 
saclofen-sensitive site. 42 We have demonstrated that 
synaptically released GABA interacts with post- 
synaptic GABAA receptors within the BLA to pro- 
duce the chloride-dependent early IPSP and also 
with GABAa receptors to generate the potassium- 
dependent late IPSP. Exogenously applied GABA 
mimicked the effects of synaptically released GABA, 
eliciting a GABAA-mediated hyperpolarization which 
appeared to be generated at the cell body, followed 
by a late hyperpolarization generated via activation 
of dendritically located GABAa receptors. In most 
instances, GABA application also elicited a large 
depolarizing response which likely arose from a 
somatically generated, GABAA-mediated increase in 
chloride conductance. 
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