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Several studies suggest that axonal projections from the 
hippocampal formation (HF) to the basolateral amygdala 
(BLA) play a role in Pavlovian fear conditioning to contex- 
tual conditional stimuli. We have used electrophysiological 
techniques to characterize neuronal transmission in these 
projections in urethane-anesthetized rats. Single-pulse 
electrical stimulation of the ventral angular bundle (VAB), 
which carries projections from the HF to the BLA, reliably 
evoked a biphasic extracellular field potential in the BLA 
that consisted of an early, negative and a late, positive 
component. The negative component of the field potential 
occurred at a short latency (3-8 msec), was both tempo- 
rally and spatially correlated with VAB-evoked multiple-unit 
discharges in the BLA, and exhibited properties typical of 
a monosynaptic response. Infusion of lidocaine or gluta- 
mate receptor antagonists into the BLA attenuated VAB- 
evoked field potentials, indicating that they are generated 
by local synaptic glutamatergic transmission. Both paired- 
pulse stimulation and brief trains of high-frequency stim- 
ulation (HFS) induced a short-lasting facilitation of BLA 
field potentials, whereas longer and more numerous trains 
of HFS produced an enduring, NMDA receptor-dependent 
long-term potentiation (LTP) of the potentials. The induc- 
tion of LTP was accompanied by a decrease in paired-pulse 
facilitation (PPF), suggesting a presynaptic modification 
underlying its expression. Electrolytic lesions placed in 
regions of the HF that project to the BLA or excitotoxic 
lesions placed in the BLA eliminated Pavlovian fear con- 
ditioning to a contextual conditional stimulus. The critical 
role of both structures in context conditioning implicates 
plasticity at HF-BLA synapses in this form of learning. 

[Key words: amygdala, hippocampus, long-term poten- 
tiation, paired-pulse facilitation, glutamate, Pavlovian fear 
conditioning, anesthetized rat] 

Convergent lines of evidence indicate that the basolateral amyg- 
dala (BLA) is a critical component of a neural circuit underlying 
Pavlovian fear conditioning in mammals (see Davis et al., 1994, 
for a recent review). Although many neurotransmitter systems 
in the BLA have been implicated in fear conditioning, recent 
attention has been directed toward the role of glutamatergic syn- 
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aptic transmission in this form of learning. Several laboratories 
have now demonstrated that intra-amygdaloid infusion of the 
NMDA receptor antagonist, D,L-2-amino-5-phosphonovalerate 
(APV), prevents learning in tasks that require the amygdala 
(Miserendino et al., 1990; Jerusalinsky et al., 1992; Fanselow 
and Kim, 1994; Liang et al., 1994). Furthermore, blockade of 
non-NMDA glutamate receptors (a-amino-3-hydroxy-%methyl- 
4-isoxazolepropionate or AMPA receptors) in the BLA prevents 
the expression of learned fear (Izquierdo et al., 1993; Kim et al., 
1993). Collectively, these studies indicate an important role for 
glutamate receptors in both the acquisition and performance of 
conditional fear. 

The involvement of glutamate receptors in fear conditioning 
has led to the suggestion that this form of learning is mediated 
by long-term potentiation (LTP) of synaptic transmission in the 
BLA. As the prototypical form of long-term synaptic plasticity 
in the brain, LTP is an enduring enhancement of synaptic efh- 
cacy that has been suggested to play a role in learning and mem- 
ory processes (see Maren and Baudry, 1995, for a recent re- 
view). It is induced experimentally by applying brief trains of 
high-frequency electrical stimulation to excitatory synapses 
(e.g., Bliss and Gardner-Medwin, 1973; Bliss and Lomo, 1973) 
and, as suggested above, requires glutamate receptors for both 
induction and expression. In the hippocampus, for example, LTP 
induction requires NMDA receptor activation (Collingridge et 
al., 1983; Morris et al., 1986; Maren et al., 1992) and expression 
is mediated, in part, by a change in the properties of postsynaptic 
AMPA receptors (Muller et al., 1988; Xiao et al., 1991; Shahi 
and Baudry, 1992; Maren et al., 1993). 

Although fear conditioning has been suggested to be mediated 
by LTP in the BLA, relatively little is known about the nature 
of BLA LTP To date, only two reports have investigated LTP 
in the BLA in vivo (Racine et al., 1983; Clugnet and LeDoux, 
1990) and these investigations have been limited. Relatively 
more work has been done on the synaptic mechanisms of BLA 
LTP using irz virro preparations (e.g., Chapman et al. 1990; 
Chapman and Bellevance, 1991; Gean et al.. 1993), although 
these preparations are not amenable to behavioral studies of 
BLA LTP As a first step in developing a BLA LTP preparation 
that can be easily adapted to behavioral studies, we have un- 
dertaken an electrophysiological analysis of synaptic transmis- 
sion and synaptic plasticity in projections from the hippocampal 
formation (HF) to the BLA in urethane-anesthetized rats. 

There are several reasons for choosing to analyze HF-BLA 
synaptic transmission. First, anatomical studies have revealed 
that a prominent source of BLA afferents is the HE These pro- 
jections course through the ventral angular bundle (VAB) and 
arise from hippocampal area CA,, the ventral subiculum, and 
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the lateral entorhinal cortex (Ottersen, 1982; Canteras and Swan- 
son, 1992). Second, intracellular recording studies have sug- 
gested that HF-BLA projections are monosynaptic (Mello et al., 
1992a) and glutamatergic (Mello et al., 1992b). Finally, the HF- 
BLA projection is suspected of having a specific role in Pavlov- 
ian fear conditioning, that of conveying information about con- 
textual stimuli from the HF to the BLA. The goals of the present 
study were to characterize synaptic transmission and synaptic 
plasticity at HF-BLA synapses and to examine the contribution 
of the HF and BLA to Pavlovian fear conditioning. 

Materials and Methods 
Suhjrcfs. The subjects were 1 I5 adult male Long-Evans rats (300-550 
gm) born and raised in the Department of Psychology vivarium at the 
University of California, Los Angeles. Seventy-nine rats were used in 
electrophysiological experiments and 36 rats were used in behavioral 
studies. Prior to surgery, the rats were individually housed for at least 
5 d and handled daily. They were maintained on a 14:lO light:dark 
cycle and allowed free access to food and water. All electrophysiolog- 
ical and behavioral testing was performed during the light phase of the 
cycle. 

Surgical procelures. In preparation for electrophysiological record- 
ing, the rats were anesthetized with an intraperitoneal injection of ure- 
thane (I .6 gm/kg body weight) and mounted in a stereotaxic apparatus 
(David Kopf Instruments, Tujunga, CA). The scalp was incised and 
retracted, and head position was adjusted to place bregma and lambda 
in the same horizontal plane. Small burr holes (2 mm diameter) were 
drilled unilaterally in the skull for the placement of stimulating and 
recording electrodes (described below). Using stereotaxic criteria and 
the auditory signals generated from multiple-unit discharges, the re- 
cording electrode was implanted in the BLA (3.3 mm posterior to breg- 
ma, S.0 mm lateral to the midsagittal suture, and 6-8 mm ventral to the 
dural surface). After placement of the recording electrode, the stimu- 
lating electrode was implanted in the VAB (6.3 mm posterior to bregma, 
5.0 mm lateral to the midsagittal suture, and 6-7 mm ventral to the 
dural surface). In most experiments, the ventral location of the recording 
and stimulating electrodes was adjusted to maximize the amplitude of 
VAB-evoked field potentials in the BLA. During the course of the ex- 
periment, body temperature was maintained at 37°C with a feedback- 
regulated temperature controller (Cole-Parmer Instruments, Chicago, 
IL). 

The electrodes consisted of Epoxylite-insulated stainless steel insect 
pins (size 00) with the recording and stimulating surfaces formed by 
removing the insulation at the tips; the electrode tip lengths were ap- 
proximately SO and 250 p,M for recording and stimulating electrodes, 
respectively. To reduce current spread from the site of stimulation, a 
bipolar stimulating electrode was used. It consisted of two adjacent 
insect pins with a tip separation of 500 FM. A reference electrode con- 
sisting of a small stainless steel screw was affixed to the skull in the 
area overlying the nasal sinus. 

For the behavioral studies, rats were randomly assigned to one of 
three groups: sham surgery (SH, II = 12). electrolytic lesion of the 
ventrocaudal HF [entorhinal cortex, ventral subiculum, and VAB (HF), 
II = 121, and NMDA lesion of the BLA (BL, n = 12). The rats were 
treated as above except that they were anesthetized with sodium pen- 
tobarbital (65 mgikg). For bilateral HF lesions, a stainless steel electrode 
identical to those described above (tip length = 500 PM) was lowered 
into the ventrocaudal HF at two locations (6.8 mm posterior to bregma, 
S.0 mm lateral to the midsagittal suture, and 7.0 mm ventral to brain 
surface; 8.0 mm posterior to bregma, 5.0 mm lateral to the midsagittal 
suture, and 5.0 mm ventral to brain surface). Direct anodal current (1 .O 
mA) was passed through the electrode for 20 set at each locus. For 
NMDA lesions of the BLA, a 28 gauge cannula was lowered into the 
amygdala bilaterally (3.0 mm posterior to bregma, 5.0 mm lateral to 
the midline). A 10 ul Hamilton syringe was mounted in an infusion 
pump (Harvard Apparatus, South i\ratrck, MA) and connected to the 
iniection cannula with oolvethvlene tubing. NMDA (20 uglul in 100 
& phosphate-buffered’salme, pH = 7.6, Sigma Chemical’C%, St. Lou- 
is, MO) was infused (0.1 pl per min) for 2 min at 8.0 mm ventral to 
brain surface and for 1 min at 7.5 mm ventral to brain surface for each 
penetration. Five minutes were allowed after each infusion for diffusion 
of the drug. Rats in the sham group were treated identically to the other 
two groups except that no electrodes or cannulae were lowered in to 

the brain. Following surgery, the incision was closed with wound clips 
and the rats were allowed to recover on a heating pad before returning 
to their home cage. 

Electroph?lsioloRicu/ recordings. All electrophysiological recordings 
was performed under surgical anesthesia. Biphasic current pulses (0.1 
msec per cycle, 0.2-2 mA; World Precision Instruments, Sarasota. FL) 

I  

were applied to the VAB to evoke extracellular held potentials in the 
BLA. BLA field uotentials were amolified (1000X) and filtered (t H7 - - \ . _ _ I 

to 5 kHz; A-M Systems, Everett, WA), displayed on an oscilloscope, 
and digitized (20 kHz) and written to disk (DataWave Corp., Longmont, 
CO). For some subjects, VAB-evoked multiple-unit activity in the BLA 
was also recorded (amplification = 10,000X, filters = 500 Hz to 5 
kHz). In all experiments, test pulses were delivered at 0.05 Hz (1 pulse 
every 20 set). 

Electrophysiological testing began at least 30 min following electrode 
implantation, a period of time that allowed stabilization of the VAB- 
evoked field potentials. The specitic testing procedures varied according 
to the demands of a particular experiment. The tirst series of rats (II = 
7) was used to map VAB-evoked field potentials in the BLA. For these 
animals, the recording electrode was moved through the full extent of 
the BLA in 100-500 )LM increments and VAB-evoked responses (both 
field potentials and multiple-unit clusters) were collected. Five re- 
sponses were collected at each recording site and averaged. 

A second series of rats (n = 12) was used to characterize basic 
properties of HF-BLA synaptic transmission. First, inputoutput curves 
were constructed to describe the relationship between BLA tield poten- 
tials and stimulus intensity. The curves were generated by recording 
VAB-evoked responses to a range of 10 stimulation intensities. Two 
ranges of stimulation intensity were used: 2s200 pA or 200-2000 (*A. 
BLA held potentials in a subset of these rats (n = 7) were,also tested 
for their responsivity to paired-pulse stimulation (10~100 msec inter- 
stimulus intervals in IO msec steps) and short trains of high-frequency 
stimulation (HFS, 10 pulses delivered at SO, 100, and 400 Hz). The 
stimulation intensity used for both of these procedures was adjusted to 
produce a half-maximal response. A third series of rats (II = 5) was 
used to examine paired-pulse plasticity at a fixed interstimulus interval 
across a range of stimulus intensities. In all cases, five responses were 
collected for each condition (i.e., intensity, ISI, or frequency) and av- 
eraged. 

A fourth series of tats (n = IO) was used to assess whether VAB- 
evoked held potentials were generated in the BLA or whether they were 
volume-conducted from another site in the brain. In five mts, a 4% 
lidocaine HCI solution was infused into the BLA during recording (see 
below for infusion procedures); the remaining five rats received the 
saline vehicle. For these experiments, a IO min preinfusion baseline 
was collected and followed immediately by drug infusion. After drug 
infusion, responses were collected for 60 min; responses were collected 
every 20 set during the entire recording session. It was expected that 
lidocaine would attenuate VAB-evoked field potentials if they were gen- 
erated in the BLA. A fifth series of rats (n = 18) was used to examine 
the contribution of glutamate receptors to BLA field potentials. For this 
experiment, 6,7-dinitro-quinoxaline-2,3-dione (IO mM DNQX, II = 6) 
t&L-2-amino-5-phosphonovalerate (100 mM D,I.-APV, II = 6). or vehicle 
(0.9% saline, I) = 3 or 100% dimethyl sulfoxide, II = 3) was infused 
during recording. These doses of DNQX and APV were chosen because 
they correspond to those used in behavioral studies (Jerusalinsky et al., 
1992; Fanselow and Kim, 1994). Responses were collected as indicated 
for the lidocaine experiment. 

A sixth series of rats (n = 18) was used to examine long-term syn- 
aptic plasticity of BLA field potentials. Pilot experiments determined 
effective parameters for the induction of LTP, which consisted of IO 
brief bursts (200 msec) of 100 Hz stimulation delivered at I Hz (a total 
of 200 pulses). For each rat, a 10 min pre-HFS baseline was collected 
at a stimulation intensity that elicited a field potential with an approx- 
imately 400 p.V negative component (this generally corresponded to a 
half-maximal response). Immediately following collection of the base- 
line, experimental rats (a = 6) received four HFS trains separated by S 
min; control rats received either the same number of pulses at a low- 
frequency (LFS- I Hz, n = 6) or received test pulses alone (LFS-0.05 
Hz, II = 6). Responses were collected (1 every 20 set) during the 
stimulation sessions and for 60 min following the last stimulation ses- 
sion. Three additional rats were used to assess the NMDA receptor- 
dependence of BLA LTI? Following a 10 min baseline, 100 rnM APV 
was infused into the BLA as described below. Five minutes after APV 
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infusion, one HFS train was delivered and responses collected for 30 
min. 

The final series of rats (n = 5) was used to assess paired-pulse plas- 
ticity before and after the induction of LTP Rather than using single 
test stimuli during the recording session, paired-pulses (20 msec ISI) 
were used. This permitted us to simultaneously examine paired-pulse 
facilitation (PPF) and LTP during the entire recording session. As be- 
fore, a 10 min baseline was collected prior to the delivery of HFS at a 
stimulation intensity that produced a 400 p.V negative component. In 
this experiment, only a single HFS train was given, consisting of IO 
200 msec bursts of 100 Hz stimulation delivered at I Hz. Field poten- 
tials were recorded for 60 min following the delivery of HFS. 

Dnr~ ir?fit.siorr. In some experiments, pharmacological compounds 
were infused into the BLA during the recording session. This was ac- 
complished with a recording electrode/guide cannula assembly through 
which a smaller injection cannula could be inserted for drug infusion. 
The assembly consisted of a recording electrode identical to those de- 
scribed above and a guide cannula fabricated from 28 gauge stainless 
steel tubing; the tip of the recording electrode extended I mm beyond 
the end of the guide cannula. The injection cannula was fabricated from 
33 gauge tubing and was attached to a IO pl Hamilton syringe with a 
long length of polyethylene tubing. The syringe, in turn, was mounted 
in an infusion pump (Harvard Apparatus, South Natick, MA). Ten sec- 
onds prior to infusion, the injection cannula was gently lowered into 
the guide cannula and extended I mm beyond the tip of the guide 
cannula (i.e., adjacent to the tip of the recording electrode). All drug 
infusion was performed by pressure-injection at a rate of 0. I pJmin for 
a duration of 2 min, yielding a total infusion volume of 0.2 pl. Three 
compounds were infused: 4% lidocaine HCI, IO mM DNQX, and 100 
mM APV. Both lidocaine HCI (Sigma Chemical Co., St. Louis, MO) 
and APV (Sigma Chemical Co., St. Louis, MO) were dissolved in 0.9% 
saline; DNQX (Research Biochemicals International, Natick, MA) was 
dissolved in 100% dimethyl sulfoxide (DMSO. Sigma Chemical Co., 
St. Louis, MO). 

Brhtrviorcrl rr[~prrrzltu.s and ~~t~~rrlurr.s. Four identical observation 
chambers [28 X 21 X 22 (width X height X depth) cm; Lafayette 
Instrument Co., North Lafayette, IN] were used for both conditioning 
and contextual fear testing. The chambers were constructed from two 
aluminum sidewalls and a Plexiglas rear wall, ceiling, and hinged front 
door. The chambers were situated in chests located in a well-lit and 
isolated room. A videocamera placed in front of the observation cham- 
bers allowed each subjects’ behavior to be observed and recorded by 
an experimenter in an adjacent room. The floor of each chamber con- 
sisted of I8 stainless steel rods (4 mm diameter) spaced I .S cm apart 
(center-to-center). The rods were wired to a shock generator and scram- 
bler (Lafayette Instrument Co., North Lafayette, IN) for the delivery of 
footshock unconditional stimuli (USs). A speaker located on one wall 
of the chamber permitted the delivery of acoustic conditional stimuli 
(CSs). The chambers were cleaned with 5% ammonium hydroxide so- 
lution and stainless steel pans containing a thin film of the same solution 
were placed underneath the grid floors before rats were placed inside. 
Background noise (70 dB, A-scale) was supplied by ventilation fans 
and shock scramblers. 

An additional set of four observation chambers (28~ X 21 h X 22d 
cm; Lafayette Instrument Co., North Lafayette, IN) located in an adja- 
cent room were used for testing conditional fear to the tone. The cham- 
bers were constructed from two aluminum sidewalls and a Plexiglas 
rear wall. ceiling, and hinged front door. The chambers were situated 
in chests located in a quiet, dimly lit, and isolated room. Ambient light 
in the room was provided by a single lamp equipped with a IS W red 
light bulb. The floor of each chamber consisted of I7 vertically stag- 
gered stainless steel rods (4 mm diameter) spaced I.5 cm apart (center 
to center) and the outside of the rear wall of the chambers was covered 
with white construction paper. In addition, a white, opaque Plexiglas 
tent was inserted into each chamber so that the apex of the tent con- 
tacted the roof of the chamber and the open base of the tent fit into the 
bottom corners of the chamber. A speaker located on one wall of the 
chamber permitted the delivery of acoustic conditional stimuli (CSs). 
Background noise (70 dB, A-scale) was supplied by a white noise gen- 
erator. The chambers were cleaned with 1% acetic acid solution and 
stainless steel pans containing a thin film of the same solution were 
placed underneath the grid floors before rats were placed inside. A 
videocamera placed in front of the observation chambers allowed each 
subjects’ behavior to be observed and recorded by an experimenter in 
an adjacent room. 

On the day of conditioning, the rats were placed in the conditioning 
chambers in squads of four rats; the chamber position was counterbal- 
anced for each squad and group. The rats received three tone (I 0 sec. 
90 dB, 2 kHz)-footshock (I sec. 0.5 mA) oairines (74 set ITI) 3 min - 
after being placed in the chambers. Sixty:four seconds following the 
final shock, the rats were returned to their home cages. Fear condition- 
ing on the training day was assessed by measuring freezing during the 
64 set period following each of the three footshocks. Briefly. an ob- 
server who was blind to the experimental conditions scored each rat for 
freezing (behavioral immobility except for movement necessitated by 
respiration) every 8 set for a total of eight observations per animal. 
Twenty-four hours following training, fear conditioning to the context 
was assessed by returning the rats to the conditioning chambers and 
scoring freezing during an 8 min test for a total of 64 observations per 
rat. On the following day, fear conditioning to the tone was assessed. 
The rats were placed in observation chambers that were distinct from 
those used during conditioning and, after 2 min. presented with an 8 
nun tone. Freezing to both the context and tone was scored as described 
for the immediate postshock freezing. All freezing scores were tmns- 
formed to a percentage of total observations. 

Hisrolo~.y. For the electrophysiological experiments, histological ver- 
ification of recording and stimulating electrode locations was performed 
on a subset of the rats (n = 59). After electrophysiological testing, 
marking lesions were made by passing anodal current ( 100 pA) for 5 
sec. The rats were perfused across the heart with 0.9% saline followed 
by 10% formaldehyde solution. Coronal sections (40 p,M) were cut on 
a cryostat and mounted on glass microscope slides. Sections were 
stained with Prussian blue to reveal metal deposits at the recording and 
stimulating sites and thionin to visualize cell bodies. Electrode place- 
ments were verified by visual inspection of the sections. The tissue from 
rats with brain lesions (II = 24) was treated similarly, except that the 
Prussian blue staining was omitted. 

Dam ana/~si.s. All electrophysiological data were analyzed off-line 
using waveform analysis software (DataWave Corp., Longmont, CO). 
Three tield potential parameters were chosen (1 priori for analysis: the 
slope and amplitude of the negative (N,) component and the amplitude 
of the positive (P,) component of the potential. Latency to spike tiring 
and latency to the onset of the field potential components was also 
computed. All electrophysiological measures were analysed with ana- 
ysis of variance (ANOVA). Planned comparisons in the form of uni- 
variate F tests or Fisher tests were performed following a significant 
omnibus F ratio. Behavioral data consisted of probability estimates of 
freezing and were analyzed similarly. All data are represented as means 
t the standard errors of the means (SEMs). 

Results 
Loculizatinn of stimulating and recording rlrctrodccs 
Histological examination of electrode placement was performed 
in 59 of the 79 subjects. As shown in Figure I, recording elec- 
trode placements were concentrated in the posterior divisions of 
the basolateral, basomedial, and lateral nuclei of the amygdala. 
In general, the recording electrode tips were placed just ventral 
to the lateral ventricle, which served as a convenient landmark 
for electrode placement. Stimulating electrodes were placed in 
the region of the VAB, often in the ventral subiculum and lateral 
entorhina] cortex. Because fibers arising front the temporal lield 
of hippocampal area CA,, the ventral subiculum, and the lateral 
entorhinal cortex all course through the region where the stim- 
ulating electrode was placed, the projection field activated by 
VAB stimulation is not precisely defined. However, considering 
the relative sizes of these amygdala projection systems, the sub- 
iculo-amygdala projection (the largest of the three projections) 
is probably the substrate for VAB-evoked responses in the BLA. 

Sputial and temporal projile of VAB-evoked respon.ws in tlw BLA 

To obtain information regarding the nature and localization of 
VAB-evoked responses in the BLA, seven rats were used to map 
field potentials and multiple-unit clusters in the BLA evoked by 
VAB stimulation. Data from a representative electrode penetra- 
tion are displayed in Figure 2. As shown in Figure 2, A and B, 



The Journal of Neuroscience, November 1995, 15(11) 7551 

Figure I. Schematic diagram of recording electrode placement in the basolateral amygdala (BLA) and hippocampal formation (HF). The electrode 
placements were obtained from a histological examination of brain sections from 59 of the 76 rats used for electrophysiological recordings. A, 
Recording electrode placements (solid circles) were concentrated in the posterior division of the BLA; most placements were located in the posterior 
basolateral and basomedial nuclei. B. Stimulating electrode placements (solid circles) were concentrated in the ventrocaudal HE specifically in the 
ventral subiculum, lateral entorhinal cortex, and VAB. 

the recording electrode passed through the full dorsal-ventral 
extent of the posterior division of the BLA; the stimulating elec- 
trode was localized in the VAB. The field potentials and mul- 
tiple-unit clusters evoked at 200 PM steps along the electrode 
track are shown in Figure 2C. At dorsal levels of the BLA, the 
evoked field potential consisted of a negative-positive wave- 
form, with the negative component (N,) exhibiting a shorter la- 
tency than the positive component (P,). This response pattern 
was maintained through the majority of BLA recording sites. 
However, as the electrode passed out of the BLA the field po- 
tential reversed polarity, suggesting that the current source was 
in the BLA. Evoked multiple-unit clusters were observed at sev- 
eral of the recording sites. In general, peak multiple-unit firing 
corresponded with the peak negativity of the field potential. This 
pattern of results was true for both the temporal and spatial 
profiles of unit discharge. That is, the peak negativity of the 
field potential was maximal from 200-800 pM along the elec- 
trode track, a region where the density of evoked multiple-unit 
activity was greatest. Furthermore, for any given point along this 
region of the electrode track, N, latency corresponded well with 
the latency of unit discharge. This is illustrated in Figure 3, 
which shows the significant correlation [r(lO) = 0.95, p < 
O.OOOl] between N, latency and the latency of peak unit firing 
in 12 rats. 

The spatial and temporal correlation of both N, amplitude and 
N, latency with unit firing suggests that the peak of the negative 
wave is a population correlate of VAB-evoked spike firing in 
the amygdala. In other words, N, appears to contain a “popu- 
lation spike,” a field potential generated by synchronous action 
potential discharge. The latency of the BLA population spike 
and associated unit firing is consistent with a monosynaptic pro- 
jection from the HF and agrees with values reported elsewhere 
(Mello et al., 1992a,b). As will be shown below, the slope of 
the negative-going phase of N, appears to provide a measure of 
VAB-evoked excitatory postsynaptic potentials (EPSPs) in the 
BLA that underlie the genesis of VAB-evoked spike firing. The 
mechanisms responsible for generating P, are less clear, but may 
involve feed-forward inhibitory postsynaptic potentials (IPSPs) 
generated in the BLA by HF stimulation (Mello et al., 1992a). 

Properties of VAB-evoked field potentials in the BLA 
In an effort to further characterize the properties of BLA field 
potentials, 12 rats were used for the collection of input-output 
functions and the examination of synaptic plasticity in response 
to paired-pulse stimulation and brief trains of HFS. The input- 
output functions were generated across two ranges of stimulation 
intensity: 20-200 pA (n = 9) and 200-2000 p,A (n = 3). For 
each rat, three responses were collected at each intensity (10 set 
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Figure 2. Spatial profile of ventral angular bundle (VAB)-evoked responses in the BLA of a representative rat. A, Photomicrograph showing the 
recording electrode track through the posterior division of the BLA. B, Photomicrograph showing the stimulating electrode placement. C, VAB- 
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Figure 3. Temporal correlation of VAB-evoked field potentials and 
spike firing in the BLA. A, A typical VAB-evoked field potential in the 
BLA and the corresponding unit record (B). Waveforms are an average 
of five evoked responses. The dushrcl lines were drawn to emphasize 
the correlation between the peak negativity of the field potential (N,) 
and unit discharge. C, Linear correlation between spike latency and N, 
latency in 12 rats. The Pearson correlation coefficient is displayed in 
the graph. 

between stimuli) and an average was computed. The mean in- 
put-output functions from all the rats are shown in Figure 4. It 
is apparent from these curves that the amplitude of the field 
potentials (represented as peak-to-peak amplitude) is a function 

102 103 

Stimulus intensity (mA) 

Figure 4. Input&output functions for VAB-evoked field potentials in 
the BLA. Field potentials were collected across two ranges of stimu- 
lation intensity (low-intensity, 20-200 (*A, open circles; high-intensity, 
200-2000 (IA, solid circles) in two groups of rats. Plotted are the mean 
(5SEM) peak-to-peak amplitudes of the field potentials for each group. 
In general, the amplitude of the field potentials incremented in response 
to increasing levels of stimulation and reached an asymptote at levels 
of stimulation >l mA. Inset, Three superimposed field potentials 
evoked at three different stimulation intensities (200, 1000, and 2000 
pA) in a high-intensity rat. Waveforms are an average of five evoked 
responses. Note the appearance of the sharp potential on the negative 
component of the waveform at the intermediate and high stimulation 
intensities. 

of stimulation intensity, with maximal responses produced by 
relatively high levels of stimulation (l-2 mA). Not surprisingly, 
the input-output function was steeper with the higher range of 
stimulation intensities. Importantly, the responses saturated at 
high levels of stimulation indicating that they were not artifac- 
tual. An ANOVA with a between-subjects factor of range (two 
levels: low or high) and a within-subjects factor of intensity (IO 
levels) confirmed these impressions. The ANOVA revealed re- 
liable main effects of both range [F( I, 10) = 30.4, y  < O.OOOS] 
and intensity [F(9, 90) = 84.3, p < O.OOOl], and a significant 
interaction of the two [F(9, 90) = 18.6, p < O.OOOl]. 

To examine the possibility that VAB-evoked held potentials 
exhibit synaptic plasticity, two procedures that are known to 
increase presynaptic neurotransmitter release were employed in 
a subset of the input-output subjects (n = 7). The first involved 
applying paired stimulus pulses to the VAB and the second in- 
volved applying short trains of HFS to the VAB. For the paired- 
pulse studies, stimulus pairs were delivered at a fixed intensity 
(mean = 500 FA) and varied according to their interstimulus 
interval (ISI). Ten ISIS were used that ranged from I O-l 00 msec 
(10 msec steps). Three pairs of stimuli were delivered at each 
IS1 (10 set between pairs) and an average computed; the entire 

t 

evoked field potentials and multi-unit clusters in the BLA at 200 pM intervals along the recording electrode track in A. VAB stimulation evoked 
a biphasic waveform, the negative component of which was spatially correlated with evoked unit activity. VAB-evoked responses were maximal 1 
mm into the penetration, a region corresponding to the posterior basolateral nucleus. Note that the VAB-evoked field potentials reversed in polarity 
as the electrode was passed out of the BLA. Waveforms are an average of five evoked responses. Calibration: 15 msec; 400 pV (field potentials), 
40 p.V (units). 
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Figure 5. Paired-pulse plasticity of VAB-evoked field potentials in the 
BLA. Values represent the mean (+SEM) (A) N, slope, (B) N, ampli- 
tude, and (C) P, amplitude of field potentials evoked by each pulse 
(pulse 1, solid circles; pulse 2, open circles) of the series of interstim- 
ulus intervals (IsrS). Paired-pulse plasticity was expressed differently 
for the two response components. Facilitation was the predominant re- 
sponse of N, slope and N, amplitude at short ISIS (IO-50 msec). In 
contrast, P, exhibited depression at the short IS1 (20 msec) and facili- 
tation at intermediate ISIS (3&50 msec). Asterisks indicate significant 
0, < 0.05) comparisons between pulse I and pulse 2. 

series was performed in an ascending fashion, from short to long 
ISIS. As shown in Figure 5A-C, BLA field potentials exhibited 
robust paired-pulse plasticity, an effect that was evident in the 
ANOVAs as a significant interaction between pulse number (two 
levels: first or second pulse) and IS1 (nine levels: 20-100 msec 
intervals) in the analyses of N, slope [F(9, 54) = 5.3, p < 
O.OOOl], N, amplitude [F(9, 54) = 10.9, p < O.OOOl], and P, 
amplitude [F(8, 48) = 7.5, p < O.OOOl]. Planned comparisons 
(p < 0.05) indicated that the nature of this paired-pulse plasticity 
was expressed differently in the positive and negative compo- 
nents of the field potentials. That is, short ISIS (IO-20 msec) 
produced a robust facilitation of N, and they produced a mar- 
ginal inhibition of P,. In contrast, longer ISIS (30-50 msec) pro- 
duced a modest facilitation of both N, and P,. PPF of N, am- 
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Figure 6. Input-output function for paired-pulse facilitation (PPF) of 
VAB-evoked field potentials in the BLA. Values represent the mean 
(?SEM) N, amplitude for responses evoked by each pulse (pulse I, 
solid bars; pulse 2, hatched bars) of the series of pulse-pairs for 10 
levels of VAB stimulation intensity. The ISI was 20 msec for all stim- 
ulation intensities. All intensities except for 200 p,A were associated 
with reliable PPE Inset, The inset shows the mean pulse ratios for each 
of the 10 stimulation intensities. There was a clear curvilinear relation- 
ship between PPF and stimulus intensity; optimal PPF was produced 
by intermediate stimulus intensities. 

plitude was not graded, that is, it was present at the shortest ISIS 
(IO-20 msec), but disappeared abruptly at the 30 msec ISI. This 
suggests that PPF of N, amplitude may be due to a short-lived 
shift in the threshold for spike firing brought about by the first 
pulse in the pair. In contrast to N, amplitude, PPF of N, slope 
was graded as is typical of PPF at synapses in other neural 
circuits (Racine et al., 1983). This provides evidence that N, 
slope reflects a synaptic component of HF-BLA synaptic trans- 
mission. Because PPF is maximum at 10-20 msec ISIS in which 
the second pulse occurs during P,, it is unlikely that P, is a 
reflection of a population IPSP as suggested earlier. 

An additional series of rats (n = 5) examined the relationship 
between PPF (20 msec ISI) and VAB stimulation intensity. As 
shown in Figure 6, PPF was dependent on stimulation intensity. 
This was evident as a reliable interaction of pulse number (two 
levels: first or second pulse) and stimulus intensity (10 levels: 
200-2000 PA in 200 p,A steps) in the ANOVA (F(9, 36) = 
20.9, p < O.OOOl] of N, amplitude. Planned comparisons @ < 
0.05) indicated that significant paired pulse facilitation was ap- 
parent at all stimulation intensities except 200 p,A. As shown in 
the inset of Figure 6, PPF was curvilinearly related to stimula- 
tion intensity; optimal PPF was generated with stimulus inten- 
sities (400-l 200 p,A) that produced submaximal field potentials. 
The same pattern of results was obtained in the analysis of N, 
slope (data not shown). This indicates that paired-pulse plasticity 
at HF-BLA synapses is dependent on the number of afferents 
activated by the initial stimulus pulse. 

To further assess short-term synaptic plasticity at HF-BLA 
synapses, we examined the response of BLA neurons to brief 
trains of HFS in the same rats (n = 7) used in the initial paired- 
pulse studies. After collecting the paired-pulse data, the rats 
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were administered IO stimulus pulses at three frequencies: 50, 
100, and 400 Hz. Again, three responses were collected at each 
frequency and averaged. These tests were performed for two 
reasons: ( I ) to examine if BLA field potentials exhibit frequency 
facilitation or depression and (2) to determine if there is an an- 
tidromic component to VAB-evoked field potentials in the BLA 
(antidromic. but not orthodromic, responses respond to 400 Hz 
stimulation). Of the seven rats tested, seven followed SO Hz 
stimulation. four followed 100 Hz stimulation, and zero followed 
400 H7 stimulation (nonfollowers only responded on the first 
pulse of the train). The absence of response to 400 Hz stimu- 
lation indicates that VAB-evoked field potentials are ortho- 
dromic, and the ability of the majority of the subjects to follow 
50 or 100 Hz stimulation is consistent with a monosynaptic HF- 
BLA projection. Figure 7A shows representative averaged field 
potential responses to SO and 100 Hz stimulation frequencies. 
As predicted from the paired-pulse experiments, BLA field po- 
tentials exhibited frequency facilitation at both 50 and 100 Hz 
(Fig. 7B). Separate ANOVAs indicated a reliable main effect of 
pulse number (five levels for 50 Hr data and IO levels for 100 
Hr data) for the N, amplitude of responses evoked by 50 Hz [n 
= 7; F(4, 24) = IO. I, p < 0.000 I ] and IO0 Hz trains [n = 4; 
F(9, 27) = 6.1, 17 < 0.0002]. A similar pattern of results was 
obtained in the analysis of N, slope (data not shown). Collec- 
tively, these results suggest that BLA field potentials are sensi- 
tive to manipulations that are known to increase neurotransmitter 
release in other neural circuits. 

.Ffecr.s of lidoctriw on VAB-evoked j?firld potentials in the BLA 

The foregoing results suggest that BLA field potentials represent 
an extracellular correlate of monosynaptic transmission and neu- 
ronal firing in the HF-BLA projection. Although the correlation 
of the field potentials and multiple-unit firing suggests that the 
field potentials are generated within the BLA, it remains possible 
that they are generated in some distal brain site and volume- 
conducted to the BLA. To test this possibility, we infused 4% 
lidocaine HCI (a local anesthetic) into the BLA while recording 
VAB-evoked field potentials. As shown in Figure 8A-C, lido- 
caine infusion reversibly attenuated both the negative and pos- 
itive components of BLA field potentials relative to saline con- 
trols. ANOVAs performed on the data revealed a significant 
main effect of group [two levels: saline or lidocaine: F( I, 8) = 
X. I. 1’ < 0.031 and a significant interaction of group and postin- 
fusion block (six IO min blocks; F(S. 40) = 4. I, p < O.OOS] for 
N, amplitude, a significant interaction of group and block [F(5, 
40) = 3.9, p < 0.006] for N, slope, and a significant interaction 
of group and block for P, amplitude [F(S, 40) = 5.8, p < 
O.OOOS]. Planned comparisons (j, < 0.05) indicated that the re- 
sponses in the lidocaine-treated rats were attenuated for the first 
two IO min blocks following drug infusion. and returned to base- 
line thereafter. For a particular response measure, there was con- 
siderable variability in the effect of lidocaine. For example, the 
attenuation of N, slope ranged from 60 to 100% 5 min after 
lidocaine infusion. This variability could have arisen from a 
number of factors including the efficacy of the infusion, the 
extent of drug diffusion, and the proximity of the record- 
ing/infusion site to the lateral ventricle. In cases where lidocaine 
did not completely abolish the response, it is assumed that one 
of these factors accounted for the incomplete attenuation. In gen- 
eral. these results support the view that BLA field potentials 
require local neuronal activity in the amygdala for their expres- 
sion. 
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Figure 7. Effects of brief trains of high-frequency stimulation (HFS) 
on VAB-evoked responses in the BLA. A, Representative BLA field 
potentials evoked by 100 msec trains of 50 Hz (roll) and 100 HI (her- 
tofn) VAB stimulation. Waveforms are an average of five evoked re- 
sponses. Both frequencies of HFS produced facilitation of N, amplitude, 
which is shown graphically in B. B. Mean (ZSEM) N, amplitude for 
the field potentials evoked by SO (solid circ/c~.s) and IO0 HI (r>/>~! cir- 
c/es) stimulation. Both frequencies of stimulation produced substantial 
frequency facilitation that persisted for the duration of the train. The 
facilitation produced by 100 Hz stimulation was greater than that pro- 
duced by SO Hz stimulation. 

lTjl;icts of glutamate receptor cmtugonists on VAB-rooked ,jeld 
potentiuls in the BLA 
It has previously been suggested that HF projections to the BLA 
are glutamatergic (Mello et al., 1992b). To test this possibility. 
we infused either 6,7-dinitro-quinoxaline-2.3-dione ( IO nlM 

DNQX; n = 6), D,L-2-amino-5-phosphonovalerate (100 mM 

APV; n = 6), or vehicle (0.9% saline or 100% DMSO, n = 6) 
into the BLA during recording. As shown in Figure 9A. DNQX. 
but not APV, attenuated the slope of the negative component of 
BLA field potentials. This attenuation of N, slope by DNQX 
was nearly complete. An ANOVA with factors of group (three 
levels: vehicle, APV, or DNQX) and postinfusion block (six IO 
min blocks) yielded a reliable main effect of group [F(2, IS) = 
13.5, p < O.OOOS] for N, slope. Planned comparisons (p < 0.05) 
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Figure 8. Effects of lidocaine on VAB-evoked field potentials in the BLA. Mean (t SEM) percentage of baseline for (A) N, slope, (B) N, amplitude, 
and (C) P, amplitude of field potentials evoked by VAB stimulation in rats receiving either saline (solid circles) or lidocaine (open circles) infusions. 
Tbe onset and duration of the infusion are indicated by the arrow. All measured were severely attenuated by lidocaine infusion. This effect was 
temporary and the field potentials returned to their baseline amplitude approximately 20 min following lidocaine infusion. There was no effect of 
saline infusion on the field potentials. 

indicated that rats treated with DNQX were reliably different 
from those treated with either APV or vehicle, which were not 
different from each other. As shown in Figure 9B, both APV 
and DNQX attenuated N, amplitude; responses in APV-treated 
rats recovered approximately 20 min following infusion and re- 
sponses in DNQX-treated rats did not recover. An ANOVA with 
factors of group (three levels: vehicle APV, or DNQX) and post- 
infusion block (six 10 min blocks) yielded a reliable main effect 
of group [F(2, 15) = 39.2, p < O.OOOl] and a reliable interaction 
of group and block [F(lO, 75) = 3.7, p < O.OOOS] for N, am- 
plitude. Planned comparisons (p < 0.05) indicated that APV 
attenuated N, for the first two 10 min blocks, whereas DNQX 
attenuated the field potentials for the entire recording period. As 
shown in Figure SC, APV also reversibly attenuated P, ampli- 
tude. In contrast, DNQX did not reliably affect P, amplitude. 

This was evident in an ANOVA as a significant interaction be- 
tween group and block [F(lO, 75) = 5.0, p < O.OOOl]; planned 
comparisons (JJ < 0.05) indicated that APV, but not DNQX, 
attenuated BLA field potentials for three 10 min blocks follow- 
ing infusion. These data reveal that VAB-evoked field potentials 
in the BLA are mediated by both AMPA and NMDA receptors, 
and that these receptors mediate different components of the 
field potentials. Specifically, N, slope appears to be almost en- 
tirely AMPA receptor-mediated as DNQX produced a nearly 
complete abolition of the response. In contrast, N, amplitude has 
both AMPA and NMDA receptor-dependent components; 
DNQX and APV produced incomplete attenuations of the re- 
sponse that, if combined, account for the entire response. Lastly, 
P, amplitude has a modest NMDA receptor-mediated component 
that cannot account for the entire response. The neurotransmitter 
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Figure 9. Effects of glutamate receptor antagonists on VAB-evoked field potentials in the BLA. Mean (LSEM) percentage of baseline for (A) N, 
slope, (B) N, amplitude, and (C) P, amplitude of field potentials evoked by VAB stimulation in rats receiving either vehicle (solid circles), D,L-2- 
amino-5-phosphonovalerate (APV, open circles), or 6,7-dinitro-quinoxaiine-2,3-dione (DNQX, open squares) infusions. The onset and duration of 
the infusion are indicated by the arrow. N, slope and N, amplitude were irreversibly attenuated by DNQX infusion; DNQX did not effect P, 
amplitude. In contrast, both N, amplitude and P, amplitude were attenuated by APV infusion. As with lidocaine, this effect was reversible; field 
potentials returned to baseline approximately 20 min following APV infusion. There was no effect of vehicle infusion on the field potentials. 

receptor(s) responsible for the APV-insensitive component of P, 
is not known. 

Long-term synaptic plasticity of VAB-evokedjeld potentials in 
the BLA 

To examine the possibility that HF-BLA synaptic transmission 
is modifiable, short trains of HFS were delivered to the VAB. 
Figure 10 shows the mean amplitude and slope of N, for three 
groups of rats. After 10 min of baseline recording, rats received 
either 200 pulses at 100 Hz (HFS- 100 Hz, 10 200 msec 100 Hz 
bursts, n = 6), test pulses alone (LFS-0.05 Hz, n = 6), or 200 
pulses at 1 Hz (LFS-1 Hz, n = 6). These stimulation events 
were presented four times at 5 min intervals. In comparison to 
animals receiving LFS (0.05 Hz), HFS produced a marked and 

enduing increase in the slope and amplitude of N,, and LFS (1 
Hz) produced a moderate and transient depression of these re- 
sponses; field potentials in rats receiving low-frequency test 
pulses remained stable across the recording session. An ANOVA 
with factors of group (three levels: HFS-100 Hz, LFS-0.05 Hz, 
or LFS-1 Hz) and poststimulation block (six 10 min blocks) 
revealed a significant main effect of group [F(2, 15) = 31.7, p 
< O.OOOl] and a significant interaction of group and block 
[F( 10, 75) = 6.6, p < O.OOOl] for N, amplitude and a significant 
main effect of group [F(2, 15) = 17.0, p < O.OOOl] and a sig- 
nificant interaction of group and block [F(lO, 75) = 22.4, p < 
O.OOOl] for N, slope. Planned comparisons @ < 0.05) indicated 
that HFS augmented N, slope and N, amplitude for the entire 
poststimulation period, whereas 1 Hz LFS depressed N, ampli- 
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tude for the first two 10 min poststimulation blocks; N, slope 
was not different in the two LFS groups. The enduring enhance- 
ment of BLA field potentials by HFS was only evident in N,; 
planned comparisons (I, < 0.05) following a reliable ANOVA 
[group X block interaction; F( IO, 75) = 2.9, p < O.OOS] indi- 
cated that P, showed only a transient augmentation for the first 
two IO min poststimulation blocks relative to LFS controls (data 
not shown). 

For a within-subjects assessment of LTP in HFS subjects, re- 
sponses collected in the IO min post-HFS blocks were compared 
to those collected during the IO min baseline. One-way ANO- 
VAs with factors of IO min block (seven levels: baseline and 
six post-HFS blocks) computed on the non-normalized data in- 
dicated that N, slope [F(6, 30) = 56.4, p < O.OOOl], N, ampli- 
tude [F(6, 30) = 35.0,11 < O.OOOl], and P, amplitude [F(6, 30) 
= 9.4. p < O.OOOl] varied across the IO min blocks. Planned 
comparisons (/J < 0.05) indicated that N, slope was significantly 
greater than baseline in all post-HFS blocks, N, amplitude was 
elevated above baseline in the first four IO min blocks, and P, 
amplitude was reliably lower than baseline in the last three IO 
min blocks. Thus, only the negative component of the VAB- 
evoked field potential exhibited LTI? The induction of LTP oc- 
curred in all of the subjects; LTP was maintained through the 
60 min post-HFS recording period in four of the six rats. In 
addition to exhibiting LTP, the N, component appeared to exhibit 
posttetanic potentiation (PTP), a short-term enhancement in syn- 
aptic transmission that decays within 5-10 min of HFS. As 
shown in Figure IO, PTP was most pronounced for N, amplitude. 

To test the NMDA receptor dependence of BLA LTP, APV 
was infused into the amygdala before the delivery of a single 
HFS train. A within-subjects design was used to compare post- 
HFS responses with pre-HFS responses collected before APV 
infusion. As shown in Figure I I, HFS did not augment either 
N, slope or N, amplitude following APV infusion. A within- 
subjects ANOVA with a factor of IO min block (three levels: 
baseline and two post-HFS blocks) indicated that N, amplitude 
[F(2, 4) = 10.3, ]J < 0.031, but not N, slope [F(2, 4) = 1.2, p 
= 0.38], varied significantly across the recording period. 
Planned comparisons (p < 0.05) revealed that N, amplitude was 
reliably depressed in both post-HFS blocks compared to the 
predrug baseline. This selective depression of N, amplitude was 
expected given the effects of APV reported above, although the 
relatively stable depression of N, amplitude in the post-HFS pe- 
riod was not anticipated given the rapid recovery of APV atten- 
uation observed earlier. It may be the case that delivering HFS 
in the presence of APV produced an enduring depression of 
BLA spike tiring, as would be predicted by some Hebbian co- 
variance models. 

At several synapses, both short- and long-term forms of syn- 
aptic plasticity have been shown to involve changes in the levels 
of presynaptic neurotransmitter release (Zucker, 1989). At hip- 
pocampal synapses, brief trains of HFS like those used here 
produce a presynaptically mediated PTP In some brain areas, 
such as in hippocampal area CA,, PTP is followed by a LTP 
that is mediated by an increase in presynaptic neurotransmitter 
release (Zalutsky and Nicoll, 1990); LTP at synapses in hippo- 
campal area CA, and the dentate gyrus may involve both in- 
creases in transmitter release and postsynaptic glutamate recep- 
tors (Maren and Baudry, 1995). It is of considerable interest to 
determine whether synaptic plasticity at BLA synapses is me- 
diated by an increase in presynaptic neurotransmitter release. 
One method for determining if changes in transmitter release are 

associated with LTP is to examine PPF before and after LTP 
induction (e.g., Zalutsky and Nicoll, 1990). Because PPF is 
known to be mediated at the presynaptic terminal, a manipula- 
tion that interacts with PPF can also be assumed to have a pre- 
synaptic locus. 

To assess the relationship between PPF and LTP at BLA syn- 
apses, paired pulses (20 msec ISI) were substituted for the stan- 
dard single test pulses in a 70 min recording session. During 
this recording session, a IO min baseline of field potentials was 
collected and followed by the induction of LTP (IO 200 msec 
100 Hz bursts); responses were collected 60 min following LTP 
induction. Figure 12 shows IO min means for N, slope (per- 
centage of baseline) and the magnitude of PPF (ratio of slopes 
from pulse 2 and pulse I) across the recording session. As 
shown, HFS induced an initial PTP and subsequent LTP of N, 
slope that persisted for the duration of the 60 min recording 
session [main effect of IO min block; F(6, 30) = 6.3, /J < 

O.OOOS]. The induction of LTP was associated with a significant 
reduction in the magnitude of PPF which persisted for the du- 
ration of the recording session [main effect of IO min block; 
F(6, 30) = 6.3, p < O.OOOS]. Planned comparisons (JJ < 0.05) 
indicated that the decrease in PPF occurred at all post-HFS in- 
tervals, but was greatest in the first interval, which corresponds 
to the interval at which PTP is expressed. A similar pattern of 
results was obtained for N, amplitude (data not shown). One 
might argue that the decrease in PPF observed following LTP 
induction is due to a rightward shift in the function relating the 
amplitude of the first pulse of the pulse-pair and the magnitude 
of paired-pulse plasticity (see Fig. 6, inset). However. we tested 
two rats in which the post-LTP response was equated to that 
evoked before LTP Despite similar first-pulse slopes, responses 
evoked before LTP induction displayed greater PPF than those 
evoked after LTP induction. These results suggest that both PTP 
and LTP at HF-BLA synapses are associated with an increase 
in presynaptic neurotransmitter release. 

The preceding results establish that an NMDA receptor-depen- 
dent LTP can be induced at HF-BLA synapses. It is tempting to 
speculate that this plasticity may be involved in the acquisition 
of contextual fear conditioning, which has been shown to in- 
volve NMDA receptor-dependent processes in the BLA (Fan- 
selow and Kim, 1994). However, the role of BLA neurons and 
the ventrocaudal HF regions that project to the BLA (lateral 
entorhinal cortex, ventral subiculum) in contextual fear condi- 
tioning is not known. To examine the involvement of the HF- 
BLA circuit in Pavlovian fear conditioning, either electrolytic 
lesions were made in the ventrocaudal HF or NMDA lesions 
were made in the BLA prior to fear conditioning. 

A schematic depiction of the tissue damage obtained in rats 
with lesions is shown in Figure 13. Rats with electrolytic lesions 
in the ventrocaudal HF had extensive damage to the medial and 
lateral entorhinal cortex, ventral subiculum, and VAB. For the 
most part, the damage to ventral subiculum was complete, 
whereas damage to the entorhinal cortex was limited to more 
caudal areas. In some cases, there was damage to the caudal 
division of the dentate gyrus. In general, there was no damage 
to perirhinal cortex or rostra1 areas of the hippocampus. Rats 
with NMDA lesions intended for the amygdala possessed nearly 
complete lesions of the posterior divisions of the lateral, baso- 
lateral, and basomedial nuclei; the central nucleus and portions 
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Figure 10. Long-term potentiation (LIP) of VAB-evoked field potentials in the BLA. A, Representative basolateral field potentials evoked before 
and after either high- or low-frequency stimulation (LFS). Pre- and poststimulation responses are superimposed. L&most truces are from a rat in 
the HFS-200 Hz group (solid circles), the middle truces are from a rat in the LFS-0.05 Hz group (open circles), and the righftnosr traces are from 
a rat in the LFS-1 Hz group (open triangles). The waveforms are averages of 30 evoked responses collected either 10 min before the first stimulation 
session (min - 10 to 0) or 10 min following the last stimulation session (min 15-25). HFS (lefmosf fruces) produced a marked LTP of VAB- 
evoked field potentials in the BLA, whereas LFS had either no effect on (middle truces) or produced a depression of (righfmosr truces) the potentials. 
B, Mean (tSEM) percentage of baseline for N, slope and (C) N, amplitude during the 75 min recording period. For each subject, values represent 
1 min averages computed from three evoked responses. Four sessions of stimulation were delivered at 5 min intervals and are indicated by the 
arrows. HFS produced an enduring LTP of HF-BLA synaptic transmission that persisted for the entire recording period following the last stimulation 
session. LFS (1 Hz) produced a modest, but reliable, depression of the N, amplitude of BLA field potentials that persisted for 20 min following 
the last stimulation session. Responses from all of the groups tended to decrease over the recording period, although the relative differences between 
the HFS and LFS groups were maintained despite this decrease. 

of the anterior divisions of the basolateral and lateral nuclei were 
spared in all cases. 

On the conditioning day, rats were placed in the observation 
chambers and given three tone-footshock pairings. Freezing dur- 
ing the three 64 set postshock periods on the conditioning day 
is shown in Figure 14. It is apparent that BLA, but not ventro- 
caudal HF lesions, eliminated the conditional freezing that oc- 
curs immediately following footshock (immediate postshock 
freezing). An ANOVA with factors of group (three levels: SH, 
HF, and BL) and trial (three levels) revealed significant main 
effects of group [F(2, 32) = 17.9, p < O.OOOl] and trial [F(2, 

64) = 16.1, p < O.OOOl]. Planned comparisons (p < 0.05) in- 
dicated that the rats with BLA lesions showed reliably less freez- 
ing than the other two groups following all three trials; rats with 
HF lesions did not differ from sham rats on any trial. 

One and 2 d after conditioning the rats received “delayed” 
tests of conditional fear to the contextual cues of the condition- 
ing chamber and the tone conditional stimulus, respectively. For 
the former, the rats were returned to the conditioning chamber 
for 8 min and, for the latter, the rats were placed in a novel 
context and presented the tone CS for 8 min. Freezing to the 
contextual and tone CSs during the 8 min tests are shown in 
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Figure II. Effect of APV infusion on the induction of BLA LTP 
Mean (ZSEM) percentage of baseline for (A) N, slope and (B) N, am- 
plitude of BLA field potentials evoked by VAB stimulation in rats re- 
ceiving APV followed by HFS. The onset and duration of the APV 
infusion are indicated by the solid wrmv and the delivery of HFS by 
the open arrow. In the presence of APV, HFS did not induce LTP. 
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Figure 1 SA; Figure 15B displays the data averaged across the 8 
min tests. As shown in Figure PTA, NMDA lesions of the BLA 
eliminated conditional freezing to both the contextual and acous- 
tic CSs for the duration of the tests. Similarly, ventrocaudal HF 
lesions attenuated freezing to both contexts and tones, but the 
magnitude of this attenuation was much greater for the contex- 
tual CS (Fig. 15B). This pattern of results was confirmed in an 
ANOVA with between-subjects factors of group (three levels: 
SH, EC, and BL) and within-subjects factors of CS (two levels: 
context and tone) and test minute (minutes I-8). The ANOVA 
revealed significant main effects of group [F(2, 32) = 15. I, p 
< O.OOOl], CS [F( I, 32) = 6.4, p < 0.021 and test minute [F(7, 
224) = 25. I, p < O.OOOl] and reliable interactions of group and 
CS [F(2, 32) = 4.7, p < 0.021, group and minute [F(l4, 224) 
= 9.6, p < O.OOOl], and CS and minute [F(7, 224) = 4.1, p < 
0.000 I]. Planned comparisons (,7 < 0.05) indicated that rats with 
HF lesions froze to the acoustic CS reliably more than to the 
contextual CS. Furthermore, rats with either HF or BLA lesions 
exhibited similar levels of freezing on the context test, but mark- 
edly different levels of freezing on the tone test. Together with 
the immediate postshock data, these results suggest that ventro- 
caudal HF lesions produce a selective deficit in fear conditioning 
to contextual stimuli, whereas BLA lesions produce a general 
deficit in fear conditioning to both contextual and acoustic CSs. 
These data confirm the important role for the BLA in fear con- 
ditioning and represent the first report of a role for the entorhinal 
cortex and subiculum in contextual fear conditioning. 

Figure 12. Simultaneous measurement of PPF and LTP of VAB- 
evoked responses in the BLA. A, Representative BLA field potentials 
evoked by pairs of pulses (20 msec ISI) before and after LTP induction. 
Waveforms are averages of five evoked responses. Note the relatively 
greater potentiation of the N, response to the first pulse compared to 
the second pulse. R, Mean (-+SEM) N, slope (percent baseline, solid 
circles) and pulse ratio (percent baseline, open circles) for the seven IO 
min blocks of the recording session. Paired-pulses were used as the test 
stimuli to permit the simultaneous assessment of both PPF and LTP 
High-frequency stimulation (HFS, IO 200 msec bursts of IO0 HZ stim- 
ulation at I Hz) was delivered following the IO min pre-HFS period 
(Pre). HFS induced reliable LTP that persisted for the duration of the 
recording session. The induction of LTP was associated with a corre- 
lated decrease in the magnitude of paired pulse facilitation. This de- 
crease in PPF was greatest in the first post-HFS block, which corre- 
sponds to a period when presynaptic PTP is maximal. 

Discussion 

The present study used extracellular recording techniques to ex- 
amine synaptic transmission between the HF and the BLA in 
anesthetized rats. Single-pulse electrical stimulation of the VAB 
evoked extracellular field potentials in the BLA. The VAB- 
evoked field potentials occurred with a short latency, correlated 
with action potential discharge, and required local neuronal ac- 
tivity mediated by glutamatergic synaptic transmission. Paired- 
pulses delivered at short ISIS and brief trains of HFS induced 
short-term changes in synaptic efficacy at HF-BLA synapses. 
Longer and more numerous trains of HFS induced an enduring, 
NMDA receptor-dependent LTP of synaptic transmission similar 
to that observed in other neural circuits. PPE which is believed 
to be mediated by presynaptic changes in neurotransmitter re- 
lease, was markedly reduced following the induction of LTP at 
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Figure 13. Schematic diagram of NMDA and electrolytic lesions in the BLA and HF, respectively. BLA lesions are displayed in the leftmost 
columns and HF lesions in the rightmost columns. Reconstructions of lesion size were made for the rats in each group with maximum (solid) and 

- minimum (striped) damage. 

HF-BLA synapses. This suggests that LTP at HF-BLA synapses 
is mediated, at least in part, by an increase in presynaptic glu- 
tamate release. The potential importance of HF-BLA projections 
in learning was indicated by an experiment in which lesions 
placed in either the ventrocaudal HF or the BLA eliminated the 
acquisition of fear to contextual cues. Collectively, the results 
of the present study reveal modifiable neuronal responses in pro- 
jections from the HF to the BLA. These results are consistent 
with a role of the HF-BLA pathway in contextual fear condi- 
tioning. 

Extracellular $eld potentials as an index of HF-BLA synaptic 
transmission 

VAB-evoked field potentials in the BLA consisted of a biphasic 
waveform with fast, negative (N,) and slow, positive (P,) com- 
ponents. Several pieces of evidence support the view that these 
extracellular field potentials are a reliable index of HF-BLA syn- 
aptic transmission in vivo. First, we have demonstrated that mul- 
tiple-unit firing in the amygdala is temporally and spatially cor- 
related with the peak amplitude of N,, suggesting that N, reflects, 
in part, the synchronous discharge of BLA neurons. Second, 
BLA field potentials are sensitive to manipulations that either 
increase (paired-pulses, HFS) or decrease (lidocaine, glutamate 
receptor antagonists) synaptic transmission. The pattern of these 
results suggests that N, slope is a measure of glutamatergic 
EPSPs in the BLA. Collectively, these data are consistent with 

the view that VAB-evoked field potentials are generated by local 
synaptic conductances and spike firing in the BLA. 

Despite this evidence, however, we cannot conclude unequiv- 
ocally that there are direct correlates of synaptic currents in BLA 
field potentials without concurrent intracellular and extracellular 
recordings from BLA neurons. Although such simultaneous re- 
cordings have yet to be performed, it may be useful to consider 
the correlation between our extracellular recordings and the in- 
tracellular recordings reported in a series of elegant studies by 
Finch and colleagues. These investigators recorded intracellular 
responses in the BLA following HF stimulation in vivo and re- 
vealed a consistent pattern of synaptic activation (Mello et al., 
1992a). Specifically, HF stimulation generated an initial gluta- 
matergic EPSP followed by a GABAergic IPSP in the majority 
of BLA neurons. In an extracellular recording in the region of 
HF-BLA synaptic terminals, this pattern of synaptic activation 
would be manifest as an initial current sink (from the EPSPs) 
followed by a current source (from the IPSPs). The latencies and 
shapes of the negative and positive field potential components 
we have recorded in the present study are consistent with this 
profile. Nevertheless, caution must be exercised in extending the 
results from intracellular recordings in BLA neurons to popu- 
lation field potentials in the BLA. It may be the case, for in- 
stance, that the nonlaminar geometry of the BLA severely per- 
turbs the extracellular current sources and sinks generated by 
local synaptic currents in individual BLA neurons or groups of 
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Figure 14. Effects of BLA or ventrocaudal HF lesions on immediate 
postshock freezing. Mean (?SEM) percentage of freezing on the train- 
ing day following three conditioning trials for rats in each of the three 
groups [sham (SH), solid circles; ventrocaudal HF lesion (HF), open 
squares; BLA lesion (BL), open triangles]. Sham rats and rats with 
ventrocaudal HF lesions were not different from one another and froze 
at a high level in the postshock period. In contrast, rats with BLA 
lesions exhibited severely attenuated levels of freezing that were relia- 
bly less than those in both of the other groups. 

neurons. Moreover, our paired-pulse experiments suggest that P, While our results suggest that there are both NMDA and 
is not a population IPSP Nonetheless, the sensitivity of N, to AMPA receptor-mediated components to HF-BLA synaptic 
glutamate antagonists suggests it may be mediated by the glu- transmission, there remains the possibility that the high doses of 
tamatergic EPSPs identified by Mello et al. (1992a). APV (100 mM) and DNQX (10 mM) used in the present study 

1 2 3 4 5 6 7 0 

64-s block 

NMDA and non-NMDA receptor-mediated synaptic 
transmission in the BLA 

Recent behavioral studies suggest an imponant role for BLA 
glutamate receptors in the acquisition and expression of condi- 
tioned fear (Miserendino et al., 1990; Jerusalinsky et al., 1992; 
Fanselow and Kim, 1994). To understand the contribution of 
glutamate receptors to VAB-evoked field potentials in the BLA, 
we infused the selective AMPA and NMDA receptor antago- 
nists, DNQX and APV, into the amygdala during recording. In 
accordance with a previous study of HF-BLA synaptic trans- 
mission (Mello et al., 1992b), we found that the slope of the 
negative component of BLA field potentials and BLA spike fir- 
ing were severely attenuated by DNQX. This confirms the ex- 
istence of a prominent AMPA receptor-mediated component in 
BLA field potentials. We also found that spike firing, but not N, 
slope, in the BLA was attenuated by APV. Collectively, these 
results are consistent with a recent report demonstrating that 
single-unit responses evoked in the lateral amygdala by stimu- 
lation of the medial geniculate body are sensitive to both CNQX 
and APV (Li and LeDoux, 1994). The lack of an effect of APV 
on N, slope, which we view as a measure of intracellular EPSPs, 
in our experiments is consistent with the effects of NMDA re- 
ceptor antagonists in the hippocampus, which involve an atten- 
uation of spike firing, but not EPSPs (Sah et al., 1989; Maren 
et al., 1992). Thus, there is an NMDA receptor-mediated com- 
ponent to synaptic transmission in the BLA that may be involved 
in regulating cell excitability (Rainnie et al., 1991; Gean et al., 
1993). 
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Figure 15. Effects of BLA or ventrocaudal HF lesions on delayed freezing to contextual and acoustic CSs. A, Mean (CSEM) percentage of 
freezing to the context and tone CSs during each minute (64 set block) of the test for rats in the three groups [sham (SH), solid circles; BLA 
lesion (BL), open triangles; ventrocaudal HF lesion (HF), open squares). BLA lesions eliminated conditional freezing to both the context and tone 
CS, whereas ventrocaudal HF lesions produced a selective attenuation of freezing to the context CS. Groups that exhibited freezing early in the 8 
min test showed a graded extinction of freezing across the test. B, Mean (kSEM) percentage of freezing to the context and tone CSs collapsed 
across the 8 min test for each of the three groups [sham (SH), solid bars; ventrocaudal HF lesion (HF), hatched bars; BLA lesion (BL), open 
bars]. This representation of the data emphasizes the reliable interaction between group and conditional stimulus. 
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produced nonselective effects on synaptic function. Indeed, subiculum, and VAB) produced a selective deficit in the acqui- 
Chapman and Bellevance (1992) have reported the paradoxical sition of fear to a contextual CS, whereas NMDA lesions of the 
result that high doses of APV (100 FM) irz ~‘itr~ attenuate syn- BLA produced a nonselective deficit in the acquisition of fear 
aptic transmission in amygdaloid circuits that apparently lack to both contextual and acoustic CSs. Interestingly. ventrocaudal 
NMDA receptors. Nonetheless, our results are consistent with HF lesions, unlike BLA lesions, did not impact the context free/.- 
those of Li and LeDoux (1994). who used much lower doses of ing that occurs immediately following footshock during condi- 
CNQX and APV to reveal AMPA and NMDA receptor-medi- tioning. This suggests that there is a short-lived context memory 
ated components to thalamo-amygdala synaptic transmission irr spared by ventrocaudal HF lesions. Overall, this pattern of re- 
l~i~~o. Our findings are also consistent with irl vitro studies dem- suits is consistent with the hypothesis that the BLA is a critical 
onstrating the existence of both AMPA and NMDA receptor- site for the convergence of CS and US information during con- 
mediated conductances in neurons of the BLA (Rainnie et al., ditioning (e.g., Romanski et al., 1093). They further suggest that 
199l). the HF is a component of a modifable CS pathway that conveys 

With regard to behavioral studies, the discovery of NMDA information concerning the context to the BLA. Of course. one 
receptor-dependent LTP at HF-BLA synapses suggests that the could argue that attenuated context conditioning in rats with ven- 
deleterious effects of APV on contextual fear conditioning (Fan- trocaudal HF lesions is not due to a loss of eft’erents to the 
selow and Kim, 1994) are mediated through a blockade of BLA amygdala, but to a loss of efferents to the dorsal hippocampus. 
LTl? Furthermore, the marked effect of APV on cell excitability which has also been shown to be important for context condi- 
in the amygdala, particularly at the doses used in behavioral tioning (Kim and Fanselow, 1992; Phillips and LeDoux. 1992). 
studies, suggests that it might block not only the acquisition, but Direct projections from the hippocampus (arca CA,) to the BLA. 
also the pert‘ormance of learning tasks that require the amygdala. then, could be the critical context pathway to the BLA. We are 

Sytwptic pltrsticit~~ LII in the BLA 
currently performing experiments to test this hypothesis. 

The virtual elimination of fear conditioning by NMDA lesions 
In our characteriration of HF-BLA synaptic transmission we of the BLA is not surprising in light of numerous studies im- 
identified both short- and long-term forms of synaptic plasticity. plicating the BLA in aversive learning (e.g.. Cahill and Mc- 
A prototypical example of short-term synaptic plasticity that we Laugh, 1990; LeDoux et al., 1990; Maren et al., 1991: Helms- 
observed is PPE for which the N, response to the second pulse tetter, 1992; Sananes and Davis, 1992). However. it is not clear 
of a closely-spaced pair of pulses was augmented relative to the from the present study whether the severe attenuation of con- 

response evoked by the first pulse. The t’acilitation we observed ditional free/.ing in rats with BLA lesions is due to a learning 
was quite similar to that in other neural circuits, exhibiting a or performance deficit. Indeed, there is reason to believe that 
dependence on both IS1 and stimulus intensity. In general, the the amygdala, particularly the central nucleus, has an important 
facilitation was most Irobust at short ISIS (IO-20 msec) and sub- role in the performance of conditional fear responses. including 
maximal (400-800 kA) stimulation intensities. Although we did freeLing. Nonetheless, a large body of data maintains the criti- 
not quantify the time-constant for decay of PPE the facilitation tally important role of the BLA in the acquisition of conditional 
was clearly short-lived as it decayed within the IO set interval fear and it is in this capacity, we believe, that the BLA requires 
between tests. synaptic plasticity for its memorial function. 

In addition to short-term synaptic plasticity, we found that 
repeatedly applying high-frequency trains of stimulation to the 
VAB induced a persistent increase in BLA synaptic transmis- 
sion. As in the hippocampus, the induction of BLA LTP required 
NMDA receptor activation. NMDA receptor-dependent LTP in 
the amygdala has also been reported i/l vitro (Gean et al., 1993: 
but see Chapman and Bellevance. 1992). And although several 
additional experiments are required to further characterize the 
expression of BLA LTl? we have made some progress in iden- 
tifying a potential mechanism. Using paired-pulses as a probe 
for presynaptic functionality, we found that LTP induction was 
associated with a marked reduction in PPE The occlusion of 
PPF by LTP induction suggests that some component of BLA 
LTP is mediated by an increase in the probability of presynaptic 
ncurotransmitter release (e.g., Zalutsky and Nicoll, 1990). How- 
ever. it remains possible that the reduction in PPF is due to an 
increase in the number of high-probability release sites (Schulz 
et al.. 1994). a change that could be mediated by the addition 
of postsynaptic AMPA receptors (Maren et al., 1993) to previ- 
ously AMPA receptor-f’ree synapses (Liao et al.. 1995). 

In the present study, electrophysiological procedures were used 
to identify and characterize synaptic responses and synaptic 
plasticity in the BLA following HF stimulation irr \i\w. Extra- 
cellular field potentials evoked in the BLA exhibited both short- 
and long-term forms of synaptic plasticity. including PPF and 
NMDA receptor-dependent LTI? A role for these processes in 
learning and memory was suggested by behavioral experiments 
that demonstrated a critical role for the HF and the BLA in the 
acquisition of conditional fear to contextual stimuli. Future ex- 
periments will examine HF-BLA synaptic transmission in 
awake, behaving rats to provide a more rigorous examination of 
the role of BLA LTP in Pavlovian fear conditioning. It is hoped 
that knowledge gained from these studies will further our tn- 
derstanding of the synaptic mechanisms of learning and mem- 
ory, generally. 
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