Neurobiology of Learning and Memory 91 (2009) 382–392

Contents lists available at ScienceDirect

Neurobiology of Learning and Memory
journal homepage: www.elsevier.com/locate/ynlme

The basolateral amygdala modulates speciﬁc sensory memory representations
in the cerebral cortex
Candice M. Chavez, James L. McGaugh, Norman M. Weinberger *
Center for the Neurobiology of Learning and Memory, Department of Neurobiology and Behavior, University of California—Irvine, 309 Qureshey Research Laboratory,
Irvine, CA 92697-3800, USA

a r t i c l e

i n f o

Article history:
Received 3 September 2008
Revised 16 October 2008
Accepted 17 October 2008
Available online 16 December 2008
Keywords:
Auditory cortex
Frequency receptive ﬁeld
Memory
Tuning shift

a b s t r a c t
Stress hormones released by an experience can modulate memory strength via the basolateral amygdala,
which in turn acts on sites of memory storage such as the cerebral cortex [McGaugh, J. L. (2004). The
amygdala modulates the consolidation of memories of emotionally arousing experiences. Annual Review
of Neuroscience, 27, 1–28]. Stimuli that acquire behavioral importance gain increased representation in
the cortex. For example, learning shifts the tuning of neurons in the primary auditory cortex (A1) to
the frequency of a conditioned stimulus (CS), and the greater the level of CS importance, the larger the
area of representational gain [Weinberger, N. M. (2007). Associative representational plasticity in the
auditory cortex: A synthesis of two disciplines. Learning & Memory, 14(1–2), 1–16]. The two lines of
research suggest that BLA strengthening of memory might be accomplished in part by increasing the representation of an environmental stimulus. The present study investigated whether stimulation of the BLA
can affect cortical memory representations. In male Sprague–Dawley rats studied under urethane general
anesthesia, frequency receptive ﬁelds were obtained from A1 before and up to 75 min after the pairing of
a tone with BLA stimulation (BLAstm: 100 trials, 400 ms, 100 Hz, 400 lA [±16.54]). Tone started before
and continued after BLAstm. Group BLA/1.0 (n = 16) had a 1 s CS–BLAstm interval while Group BLA/1.6
(n = 5) has a 1.6 s interval. The BLA/1.0 group did develop speciﬁc tuning shifts toward and to the CS,
which could change frequency tuning by as much as two octaves. Moreover, its shifts increased over time
and were enduring, lasting 75 min. However, group BLA/1.6 did not develop tuning shifts, indicating that
precise CS–BLAstm timing is important in the anesthetized animal. Further, training in the BLA/1.0 paradigm but stimulating outside of the BLA did not produce tuning shifts. These ﬁndings demonstrate that
the BLA is capable of exerting highly speciﬁc, enduring, learning-related modiﬁcations of stimulus representation in the cerebral cortex. These ﬁndings suggest that the ability of the BLA to alter speciﬁc cortical
representations may underlie, at least in part, the modulatory inﬂuence of BLA activity on strengthening
long-term memory.
Ó 2008 Elsevier Inc. All rights reserved.

1. Introduction
It is well known that memories for emotional events are more
robust than memories for neutral events (McGaugh, 2004). For
example, stimuli that are rated as emotionally salient are better
remembered than stimuli that are rated as neutral (Bradley, Greenwald, Petry, & Lang, 1992; Cahill, Prins, Weber, & McGaugh, 1994;
Kleinsmith, Kaplan, & Tarte, 1963; Sharot & Yonelinas, 2008). Many
studies in both the human and animal literatures have established
that post-training increases of stress can also enhance memory
consolidation (Cahill & Alkire, 2003; Cahill, Gorski, & Le, 2003;
Hui, Hui, Roozendaal, McGaugh, & Weinberger, 2006; Kim, Lee,
Han, & Packard, 2001; McCarty & Gold, 1981; Shors, 2001). Also,
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post-training systemic administration of stress hormones, such as
corticosterone and epinephrine, is sufﬁcient to enhance memory
consolidation (Gold & van Buskirk, 1975; Gold, van Buskirk, &
McGaugh, 1975; Hui et al., 2004; Kety, 1972; McGaugh &
Roozendaal, 2002; Ogren, Archer, & Ross, 1980; Ridley, Haystead,
Baker, & Crow, 1981; Roozendaal, Portillo-Marquez, & McGaugh,
1996).
Many lines of evidence have implicated the basolateral amygdala (BLA) as a substrate for stress-related modulation of memory.
For example, post-training stimulation of the BLA is sufﬁcient to induce enhanced memory consolidation for the training experience
(Bergado, Rojas, Capdevila, González, & Almaguer-Melian, 2006;
Gold, Hankins, Edwards, Chester, & McGaugh, 1975). Further,
post-training administration of stress hormones into the BLA enhances memory consolidation in a variety of tasks (Fekete, Balázs,
Telegdy, & Schally, 1985; Gallagher & Kapp, 1981; Gallagher, Kapp,
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Musty, & Driscoll, 1977; Hui et al., 2004; Hui et al., 2006; IntroiniCollison, Nagahara, & McGaugh, 1986; Liang, Juler, & McGaugh,
1986; Roozendaal, Castello, Vedana, Barsegyan, & McGaugh,
2008; Yang, Chao, & Lu, 2006). Third, human imaging studies have
also linked enhanced memory consolidation to amygdala activation. For example, PET and fMRI studies have shown that the level
of activation in the BLA at the time of experiencing either negative
or positive emotional experiences predicts the strength of memory
at the time of recall (Cahill et al., 1996; Canli, Zhao, Brewer,
Gabrieli, & Cahill, 2000; Hamann, Ely, Grafton, & Kilts, 1999;
Hamann, Ely, Hoffman, & Kilts, 2002).
Animal studies have also linked physiological activation of the
BLA to the modulation of emotional memory. Thus, emotional
arousal in animals produces prolonged (hours) increased neuronal
ﬁring in the BLA (Pelletier, Likhtik, Filali, & Paré, 2005). Moreover,
direct application of corticosterone to the BLA increases the excitability of its principal neurons (Duvarci & Paré, 2007). Direct drug
infusion in the BLA can also enhance emotional memory (Fekete
et al., 1985; Liang & Lee, 1988; Liang, McGaugh, & Yao, 1990;
Roozendaal & McGaugh, 1997; Roozendaal, Schelling, & McGaugh,
2008; Yang et al., 2006).
The enhancement of memory consolidation due to emotional
learning and the application of stress hormones to the BLA are
dependent on the activation of b-adrenergic receptors within this
structure (LaLumiere, Nguyen, & McGaugh, 2004; McGaugh,
1989; Quirarte, Roozendaal, & McGaugh, 1997; Roozendaal,
Quirarte, & McGaugh, 2002). Lesions of the BLA or infusions of
b-adrenergic receptor antagonists into the BLA block enhancement of memory consolidation (Roozendaal & McGaugh, 1996;
Roozendaal, Okuda, Van der Zee, & McGaugh, 2006; Roozendaal
et al., 2006). However, the memory enhancing effects of stress,
b-adrenergic receptor activation and other modulating treatments
are not due to memory enhancement within the BLA itself. For
example, lesions of the stria terminalis, efferents of BLA principle
neurons, block the enhancement of memory consolidation due to
the application of glucocorticoid receptor agonists to the BLA
(Roozendaal & McGaugh, 1996; Setlow, Roozendaal, & McGaugh,
2000). Studies have identiﬁed the efferent sites of BLA modulatory
effects, including the hippocampus, caudate, and cerebral cortex
(McGaugh, 2002; Packard, Cahill, & McGaugh, 1994; Roozendaal
& McGaugh, 1996).
BLA stimulation enhances cortical activation (Dringenberg,
Saber, & Cahill, 2001; Dringenberg & Vanderwolf, 1996). Previous
studies have also found evidence for other BLA interactions with
cortical function. For example, stimulation of the BLA enhances
cortical LTP (Dringenberg, Kuo, & Tomaszek, 2004). However, the
means by which the BLA modulates memory in target structures,
such as the cortex, are unknown. To address this issue, it would
be helpful to identify a memory trace and then observe its modulation by the BLA. Such a candidate for a memory trace is available
in the form of CS-speciﬁc associatively induced receptive ﬁeld plasticity in the primary auditory cortex (A1) (Weinberger, 2004).
Classical and instrumental conditioning speciﬁcally modify the
representations of sounds in A1 that acquire behavioral signiﬁcance. Such learning causes the frequency receptive ﬁelds of cortical neurons to shift toward and to the frequency of the conditioned
stimulus (Bakin & Weinberger, 1990; Gao & Suga, 1998; Kisley &
Gerstein, 2001). These tuning shifts produce an increase in the
number of neurons that become best tuned to the CS frequency,
thus increasing the area of representation of the CS frequency.
The magnitude of gain in the CS representation is an increasing
function of the level of behavioral importance of the CS (Rutkowski
& Weinberger, 2005; Weinberger, 2007). Thus, the amount of
representational expansion may serve as a memory code for the
learned behavioral signiﬁcance of stimuli (Weinberger, 2001, chap.
16, 2003).
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Associative representational plasticity has the major attributes
of memory itself and therefore, may constitute a neural memory
trace. It is associative (requires pairing), highly speciﬁc (responses
to frequencies a small fraction of an octave away are attenuated)
(Bakin, Lepan, & Weinberger, 1992; Bakin & Weinberger, 1990),
discriminative (shifts to a CS+, loses response to a CS) (Edeline &
Weinberger, 1993), develops rapidly (within 5 trials) (Edeline,
Pham, & Weinberger, 1993), consolidates (becomes stronger over
days without further training) (Galván & Weinberger, 2002) and
is enduring (tracked as long as 8 weeks) (Weinberger, Javid, & Lepan,
1993). In toto, these attributes of associative representational
plasticity satisfy the criteria for constituting a neural memory trace
(Weinberger, 2004).
As the BLA modulates memories, including those stored at least
in part in the cerebral cortex, and as associatively induced CS-speciﬁc tuning shifts may constitute cortical representations of memory, then the BLA may modulate memories by promoting speciﬁc
tuning shifts in the cortex. The goal of this study was to conduct
an initial test of this hypothesis. A tone was paired with stimulation of the BLA to determine if it is capable of producing CS-speciﬁc
tuning shifts similar to those that develop during behavioral
learning.

2. Methods
2.1. Subjects
Subjects were 21 male Sprague–Dawley rats (320–500 g,
Charles River Laboratories, Wilmington, MA) individually housed
in a vivarium (maintained at 22 °C, 12/12 h light-dark cycle, on
at 7:15 a.m.) with ad libitum access to food and water. All procedures were performed in accordance with the University of California Irvine Animal Research Committee and the NIH Animal Welfare
guidelines.
2.2. Surgical procedures and electrophysiology
The entirety of the experiment was conducted with the rats under general anesthesia (urethane, 1.6 g/kg, i.p.). Bronchial secretions were minimized by treatment with atropine sulfate
(0.25 mg/kg, i.m.) and body temperature was maintained at 37 °C
with a homeothermic heating blanket (Harvard apparatus, Kent,
England). Subjects were secured to a stereotaxic frame within a
sound attenuated chamber (IAC, New York, NY) via a pedestal created with dental acrylic (Teets denture material, co-Oral-Ite Dental
Mfg. Co., Diamond Springs, CA) such that the ears were not obstructed by earbars, yet the subjects’ head remained within the stereotaxic plane. A craniotomy over the right primary auditory
cortex allowed for multiunit extracellular as well as EEG recordings
with a linear four-electrode array (305–505 lm separation) of Parylene-coated tungsten microelectrodes (0.2–3.0 MX, FHC), in layers IV–V of primary auditory cortex.
Neural activity was ampliﬁed (1000), bandpass ﬁltered (0.3–
3.0 kHz, Tucker–Davis technologies [TDT, Alachua, FL] RA16 Medusa Base Station) and monitored via an oscilloscope (Tektronix
5111) and loudspeaker system (Grass AM8). The electroencephalogram (EEG) was monitored with the same cortical electrodes,
bandpass ﬁltered at 10–100 Hz (TDT RA16 Medusa Base Station)
and monitored through Matlab custom software. A calibrated
speaker (Aiwa) was placed at the entrance to the ear canal contralateral to the craniotomy. Acoustic stimuli were generated using
TDT hardware and software. First, white noise stimuli (1.0–
50.0 kHz) were presented every 700 ms (0–80 dB SPL in 10 dB
SPL steps) 20 times, to determine threshold response. Then, pure
tone bursts (50 ms duration, cosine-squared gate, rise/fall time of

384

C.M. Chavez et al. / Neurobiology of Learning and Memory 91 (2009) 382–392

10 ms) of 0.5–54.0 kHz were presented every 700 ms from 0 to
80 dB SPL in 10 dB steps (252 stimuli combinations) and repeated
5 times pseudo-randomly to determine frequency response.
A second craniotomy was then created so that a concentric bipolar electrode (stainless steel CBJPM60 outer diameter of
550 lm, inner diameter 250 lm, epoxylite-coated; FHC, Bowdoin,
ME) could be placed within the ipsilateral BLA (coordinates: A–P
2.76; M–L 5.0; Paxinos & Watson, 2007). The ﬁnal dorsal–ventral
coordinate was determined using bi-polar electrical stimulation
(Grass S8800 stimulator and Stimulation Isolation Unit) to conﬁrm
placement within the BLA (400 ms train, 0.2 ms opposite polarity,
1.0 ms inter-pulse interval, delivered at 100 Hz, 400 ± 16.54 lA).
BLA placement was assumed when stimulation produced 3–10 s
desynchronization of the cortical EEG (Dringenberg & Vanderwolf,
1996). Some animals failed to exhibit EEG desynchronization;
these later proved to have electrode placements outside of the
BLA (see Section 3).
2.3. Training protocol
Two groups of rats received 100 trials of a pure tone, which was
always paired with a 400 ms stimulation train of the BLA (BLAstm).
Intertrial intervals averaged 30 s (20–40 s). The stimulation parameters within a subject were always the same as those that produced EEG desynchronization during electrode placement. The
BLA/1.0 group (n = 16) received a 2 s tone presentation paired with
a 400 ms BLAstm that occurred 1 s after tone onset, and the tone
continued for 600 ms after the offset of BLAstm (Fig. 1A). This protocol was used to simulate contextual fear conditioning, where the
context (tone) is present both before and after the offset of a fear
inducing experience. The BLA/1.6 group (n = 5) received a 2.6 s
tone and a 400 ms BLAstm that occurred 1.6 s after tone onset
and the tone continued for 600 ms post-BLA stimulation (Fig. 1B).
This group was used to determine if the precise tone–BLAstm
interval was relevant.
2.4. Neural data analysis
A1 was deﬁned by a general progression of low to high characteristic frequencies along the posterior to anterior axis. Anterior placements that resulted in a reversal in the CF
progression were deﬁned as lying in the anterior auditory ﬁeld
and were excluded from analyses (Rutkowski, Miasnikov, &

Weinberger, 2003). Further, the posterodorsal, dorsal and anterodorsal belt areas were identiﬁed as more responsive to noise
than to tone and these areas were considered to be outside of
A1 and also were excluded (Rutkowski et al., 2003). Frequency
response areas (FRA) were created ofﬂine (Matlab custom software) using evoked spike-time data, 6–40 ms following tone onset. Baseline recordings were taken during a 0–50 ms time
window before tone presentation. Evoked activity was deﬁned
as activity P2.5 SE above mean spontaneous baseline activity.
The characteristic frequency (CF) was the frequency that elicited
the lowest threshold evoked discharge. If more than one stimulus frequency elicited the threshold response, then the frequency
that elicited the greatest number of spikes was identiﬁed as the
CF. The maximum best frequency (BFmax), i.e., frequency and level combination that produced the greatest evoked discharge
within the FRA, was used for all analyses (Fig. 2).
To conﬁrm stability of A1 tuning, at least two FRAs were obtained before training. A pure tone that did not elicit the best response (0.5–5.0 octaves from the BFmax; mean = 1.92 ± 0.25;
median = 1.75) was chosen as the auditory stimulus to-be-paired
with BLA stimulation, to enable the detection of treatment-induced tuning shifts (for convenience, this tone is referred to as
the ‘‘CS”, without implying a strict Pavlovian protocol; see below). Post-training FRAs were obtained immediately, 45 min
and 75 min after training and were analyzed for the development of any A1 tuning shifts across time. The post-training frequency responses were then compared to the pre-training
responses to determine if a tuning shift had occurred. A shift index (SI) was used to quantify the extent and direction of shift, as
follows:

SI ¼ Post BFmax  Pre BFmax =CS  Pre BFmax :
A positive SI indicates a shift towards the CS, while a negative SI
indicates a shift away from the CS. A complete shift to the CS frequency after training would produce an SI = 1.0. An SI was calculated for each FRA obtained after training. Electrodes with pretraining recordings that were not stable (i.e., failed to maintain
the same CF and BFmax) were excluded from all analyses. Quantiﬁcation of the stability of the pre-training tuning was accomplished
by calculating a pre-training ‘‘SI” score (SI = Pre 2 BFmax  Pre 1
BFmax/CS  Pre 1 BFmax).

2.5. Histology
Rats were sacriﬁced (Euthasol, 50 mg/kg, i.p.) and perfused with
0.9% saline, followed by 10% formalin. Brains were removed and
placed into 20% sucrose solution until sectioned with a microtome.
Brains were frozen and sliced into 50 lm slices, mounted on gelatinized slides and stained with thionine for visualization of BLA
electrode placements. Placements were determined under light
microscope with the assistance of the Paxinos and Watson rat
brain atlas (Paxinos & Watson, 2007).

3. Results
3.1. Location of stimulating electrodes

Fig. 1. (A) BLA/1.0 training protocol consisted of at 2.0 s tone paired with 0.40 s BLA
stimulation train. The tone–BLA stimulation interval was 1.0 s. The tone then
continued for 0.60 s after BLA stimulation. (B) BLA/1.6 training protocol consisted of
a 2.6 s tone paired with a 0.40 s BLA stimulation train. The tone–BLA stimulation
interval was 1.6 s, the tone then continued for 0.60 s after BLA stimulation.

Fig. 3 summarizes the placements of all stimulating electrodes.
Of the 16 animals that were trained in the BLA/1.0 protocol, 11 had
electrode placements within the BLA. The ﬁve animals with placements outside of the BLA failed to exhibit EEG desynchronization
and served as a nonBLA stimulation control group, referred to hereafter as the nonBLA/1.0 group. All ﬁve of the animals trained in the
BLA/1.6 protocol had placements within the BLA.
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Fig. 2. An example of a frequency response area (FRA) obtained before training. The BFmax is deﬁned as the frequency–intensity (dB level) that elicited the greatest neuronal
discharge. In this illustration, the BFmax was 26.9 kHz at 70 dB SPL. The BFmax was used for all analyses.

Fig. 3. Electrode placements for each animal for each group. BLA/1.0, n = 11; BLA/1.6, n = 5; nonBLA/1.0, n = 5. Basal lateral amygdala (BLA); posterior basal lateral amygdala
(BLAP); ventral basal lateral amygdala (BLAV); lateral amygdala (LA); basomedial amygdala (BMA); postereodorsal medial amygdala (MEPD); postereoventral medial
amygdala (MEPV); bed nucleus of the stria terminalis (STIA).

3.2. Effects of BLA stimulation on frequency tuning
Stimulation of the BLA did induce frequency tuning shifts.
Fig. 4A provides an example of the type of shift induced in the
BLA/1.0 group over the 75 min of post-training recording. The
pre-training BFmax was 11.3 kHz, the frequency chosen for the CS
was 4.0 kHz which was slightly beyond the frequency receptive
ﬁeld. Immediately after training, the BFmax exhibited a slight shift
away from the CS, resulting in an SI score of 0.06. However, the
tuning curve became broader and now extended down to and beyond the CS frequency. Also, the shift away from the CS was a result of the loss of responsiveness at the BFmax. With the passage of
time, further development was evident. By 45 min after training,
the BFmax had shifted to the CS frequency, resulting in an SI score
of 1.0. Also, responses to the higher frequencies were diminished.
At 75 min after training, the BFmax remained at the CS frequency,
the cells no longer responded to the pre-training BFmax, and the frequency receptive ﬁeld became more sharply tuned around the CS
frequency. Fig. 4B shows the differences between post-training
and pre-training tuning. Immediately after training, the greatest

loss of response was at the pre-training BFmax, while conversely,
the greatest increase in response was to the CS frequency. The tuning shift continued to develop in the absence of further training.
This pattern became stronger by 45 min post-training and was
accentuated at 75 min post-training.
In contrast, the BLA/1.6 group did not develop CS-speciﬁc tuning shifts. Fig. 5 presents an example. Although the CS (6.7 kHz)
was at the edge of the frequency RF, similar to the example of
the BLA/1.0 animal in Fig. 4, there was no comparable tuning shift.
The SI values were 0.1, 0.0 and 0.1 immediately, 45 min and
75 min after training, respectively (Fig. 5A). Similarly, the differences in tuning between the post-training period and the pretraining period exhibited no pattern of speciﬁc decrease at the
pre-training BFmax or speciﬁc increase at the CS frequency (Fig. 5B).
Fig. 6 presents the distribution of SI scores of both the BLA/1.0
and the BLA/1.6 groups at each time period. The BLA/1.0 mean SI
score for the pre-training tuning was 0.07 (±0.05) indicating tuning
stability before training. However, immediately after training, the
mean SI of this group rose to 0.27 (±0.09), showing a substantial
CS-directed tuning shift; however this shift was not statistically
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Fig. 4. (A) Example of tuning curves recorded from an animal in the BLA/1.0 group. Top row is the pre-training tuning curve with a BFmax that was at 11.3 kHz; the training
frequency (CS) selected was 4.0 kHz. Immediately after training, there was a large decrease in responsiveness at the BFmax and an increase in responsiveness at the CS
frequency. Tuning shifted to the CS frequency at 45 min (SI = 1.0) and the receptive ﬁeld became even more sharply tuned at 75 min, while maintaining its peak at the CS
frequency (SI = 1.0). (B) Differences between the pre- and post-training tuning curves. Immediately after training, there was a maximum decrease in responsiveness to the
BFmax and a maximum increase in response to the CS frequency. This pattern continued and grew 45 min after training and increased even more at the 75-min time period.

signiﬁcant from baseline (Wilcoxen signed-ranks, z = 1.62, p = .11).
The mean SI score increased at 45 min post-training, to 0.44
(±0.10), revealing a characteristic of neural consolidation, i.e., continued increase in strength in the absence of further training which
was signiﬁcant from baseline (z = 2.94, p = .003). Further, the
45 min post-training time point was also signiﬁcantly greater than
the immediate post-training time point (z = 2.27, p = .023). This
marked shift was retained at the 75 min retention interval.
Although it was somewhat reduced, i.e., SI = 0.36 (±0.08), the shift
was signiﬁcantly greater than baseline (z = 2.76, p = .006) (Fig. 6A),
and there was no difference between the 45 and 75 min retention
intervals (z = 0.11, p = .91).
The BLA/1.6 mean SI score for pre-training tuning was 0.03
(±0.04), also indicating frequency stability before training. However, BLAstm did not produce substantial tuning shifts in this
group. Immediately after training the mean SI was 0.09 (±0.23)
(z = 1.29, p = .20); 45 min later it was 0.07 (±0.12) (z = 1.50,
p = .13). At 75 min after training, the SI was 0.02 (±0.16) indicating a slight shift away from the CS, which was not signiﬁcant from
baseline (z = 1.08, p = .28) (Fig. 6B).
The groups did not differ in pre-training SI values, (z = 0.83,
p = .41, Fig. 7) or in SI values immediately after training (z = 1.93,

p = .054). However, the BLA/1.0 group had signiﬁcantly greater
tuning shifts thereafter: 45 min post-training, (z = 2.28, p = .023);
75 min post-training, (z = 2.71, p = .007, Fig. 7). In summary, the
BLA/1.0 group showed a shift towards the CS that continued to develop overtime but the BLA/1.6 group did not.
3.3. BLA speciﬁcity
To determine if stimulation of the BLA was necessary for tuning
shifts, we examined the nonBLA/1.0 group, which was trained in
the same protocol but had placements outside of the BLA (Fig. 3).
Fig. 7 summarizes the SI scores across time of both groups, plus
the BLA/1.6 group. The pre-training SI score of the nonBLA/1.0
group was 0.02 (±0.04) indicating tuning stability before training
and was not signiﬁcantly different from the BLA/1.0 group
(z = 0.71, p = .48). Immediately after training, the nonBLA/1.0 group
showed essentially no shift (SI = 0.02 ± 0.14). Although the BLA/1.0
group exhibited a substantial tuning shift (SI = 0.27 ± 0.09), as
noted previously, this proved not to be statistically different from
the nonBLA/1.0 group (z = 1.60, p = .11). However, the BLA/1.0
group had signiﬁcantly greater shifts at 45 min (z = 2.85, p = .004)
and 75 min (z = 2.52, p = .012). Moreover, the nonBLA/1.0 group
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Fig. 5. (A) Examples of tuning curves recorded from an animal in the BLA/1.6 group. Tuning Training shifts were negligible in this group. The top row is the pre-training
tuning curve with a BFmax at 1.7 kHz; the chosen was 6.7 kHz. Immediately after training, there was a slight decrease in ﬁring rate at the BFmax and a slight shift in the BFmax
frequency away from the training frequency. At 45 min after training, the BFmax frequency returned to the pre-training BFmax (1.7 kHz) and the ﬁring rate did not change. At
75 min after training, the there was a slight shift away from the training frequency again and the ﬁring rate did not change. (B) Differences between the pre- and post-training
tuning curves. At each time period, there was no clear shift in tuning away from or towards the training frequency.

never exhibited any change from baseline at any post time period
(Wilcoxen signed-ranks; post immediate, z = 0.91, p = .36; 45-min
post, z = 0.80, p = .42; 75-min post, z = 0.31, p = .75). Therefore, tuning shifts were found only for stimulation of the BLA itself.
3.4. Other potential factors
Although the differences in training protocol between the BLA/
1.0 and BLA/1.6 groups (e.g., CS–BLAstm interval of 1.0 vs. 1.6 s) appear to be responsible for the differences in representational plasticity, other factors might have been involved (Table 1A). If some
frequencies are more ‘‘plastic” than others are, then differences
in the pre-training BFmax frequencies might have affected the results. However, the groups did not differ signiﬁcantly (z = 0.866,
p = .387). Another potential factor is the octave distance between
the pre-training BFmax and the CS frequency. For example, if the
CS frequency were closer to the BFmax in the BLA/1.0 group, then
it might have been easier to induce a tuning shift than in the
BLA/1.6 group. However, there was no signiﬁcant difference in
the octave distance (z = 0.13, p = .90). If the level of BLAstm current
were higher in the BLA/1.0 group that could explain the group dif-

ferences in tuning shifts. However, the intensity of stimulation was
not different between groups (z = 0.61, p = .55).
The level of responsivity might have been a factor. To assess this
possibility the evoked ﬁring rates were analyzed within and between both groups. The BLA/1.0 mean ﬁring rate did not change
signiﬁcantly throughout the recording session (Friedman
v2 = 2.48, p = .48). Similarly, there were no signiﬁcant differences
in the ﬁring rate of BLA/1.6 across time (v2 = 1.63, p = .65). Finally,
ﬁring rates between groups were evaluated for each time period
and were not signiﬁcantly different (Table 1B).
BLA/1.0 and nonBLA/1.0 groups were also compared on several
factors other than differential electrode placements. There were no
signiﬁcant differences between groups for BFmax frequency or CS–
BF octave distance (Table 2A). Stimulation current was signiﬁcantly higher in the nonBLA/1.0 (z = 3.91, p = .0005) because they
did not exhibit EEG desynchronization during electrode placement
(see Section 2), although attempts were made to elicit this effect at
higher currents. However, a higher current level cannot account for
failure to obtain tuning shifts. A comparison of evoked ﬁring rates
revealed no signiﬁcant differences immediately or 45 min after
training, but a higher rate for the nonBLA/1.0 group at 75 min after
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examined the potential effects of a large number of other factors,
including BFmax frequency, the octave distance from CS to BFmax
frequency, stimulation current and rate of evoked discharges (Tables 1 and 2). None of them could account for the ﬁndings. In addition, stimulation of the BLA was found to be necessary as
stimulation of sites near, but outside of the BLA, was ineffective
(Table 2).
4.2. Apparent unusual nature of the ﬁndings
The ﬁndings may be viewed as strange, depending upon one’s
point of view, for several reasons. First, tuning shifts occurred
when the tone preceded BLAstm by 1.0 s but not by 1.6 s, indicating a high degree of temporal speciﬁcity. Second, the use of tone–
BLA ‘‘forward pairing”, suggests a classical conditioning protocol,
yet there was no ‘‘control” group for non-associative factors. Third,
the presentation of tone continued after the offset of BLA stimulation, which does not conform to any standard conditioning protocol. It will prove helpful to initiate the discussion of these in
reverse order.

Fig. 6. The distribution of SI scores across the pre-training and post-training
periods. (A) BLA/1.0 tuning. Note the increase in positive SI scores indicating tuning
shifts toward the CS frequency. (B) BLA/1.6 tuning. Note the lack of CS-directed
tuning shifts for any post-training time period. Bin-width of distributions = 0.5 SI;
zero bin range = 0.25 to 0.25 SI.

training (Table 2B). A higher rate of response shows that the absence of tuning shifts is not due to a lack of responsivity. In toto,
the evidence indicates that stimulation of the BLA along with the
BLA/1.0 training paradigm is necessary to produce large and enduring CS-speciﬁc tuning shifts.
4. Discussion
4.1. Summary and validity of ﬁndings
The results demonstrate that electrical stimulation of the BLA is
capable of producing shifts of frequency tuning in the primary
auditory cortex. Moreover, this receptive ﬁeld plasticity is directed
toward the tonal frequency with which it was paired (the ‘‘CS”).
Furthermore, these induced speciﬁc tuning shifts are long-lasting
(retained for 75 min, the longest period tested) and their magnitude increases over time in the absence of further pairing (i.e., they
consolidate). These attributes of receptive ﬁeld plasticity are the
same as those that develop during natural learning (e.g., Bakin &
Weinberger, 1990; Edeline & Weinberger, 1993; Galván & Weinberger, 2002).
However, the conclusion that the BLA can shift tuning depends
upon excluding all alternative explanations of the ﬁndings. We

4.2.1. The overlap protocol
The continued presentation of the tone after offset of BLA stimulation (‘‘overlap” protocol; Fig. 1) was designed as a simulacrum
of experience-dependent release of stress hormones and subsequent activation of the BLA. This protocol might seem inappropriate because ordinarily there is a temporal delay between an
experience and the ultimate activation of the BLA (Hatﬁeld &
McGaugh, 1999; LaLumiere, Buen, & McGaugh, 2003; Roozendaal,
Castello, et al., 2008). One might have expected the tone to be followed by a period of silence, and then BLA stimulation, as that
might be a closer approximation of the natural situation. However,
one must bear in mind that this initial study used animals that
were under deep (i.e., surgical level) general anesthesia. Under
such a state, many normal processes are affected. For example,
the memory trace of a tone is less robust and shorter-lasting in a
cortex that is in a depressed state. Therefore, had the BLA stimulation been given in a standard delay or trace classical conditioning
protocol, a failure to obtain speciﬁc frequency plasticity would
have been uninterpretable because it might have been due to a
weak auditory memory trace rather than an inability of the BLA
to speciﬁcally modulate the auditory cortex. Thus, the ‘‘overlap”
protocol was designed to provide BLA stimulation effects while
the auditory cortex still processed the tone.
4.2.2. Associativity
The forward pairing of a CS and US (in this case a tone with
BLA stimulation) is a cardinal feature of Pavlovian conditioning.
Therefore, it might be assumed that we should have included a nonassociative control group. This assumes that the goal was to determine if BLAstm effects are associative. Moreover, this assumption
might be supported by the widespread belief that the amygdala
is the site of convergence of a tone and shock underlying auditory
fear conditioning. However, the evidence upon which this claim
ultimately rests is the demonstration of conditioning-related plasticity in the amygdala (Fanselow & LeDoux, 1999) because lesion
data are not decisive. As the amygdala has some function in fear
conditioning, the existence of plasticity per se is neither in dispute
nor decisive. There are several reasons for concluding that the
claims of an amygdala locus of memory are premature (Berlau &
McGaugh, 2003; Cahill, Weinberger, Roozendaal, & McGaugh,
1999; Vazdarjanova & McGaugh, 1998). Among these is the fact
that afferent to the amygdala is the magnocellular medial geniculate nucleus of the auditory thalamus, in which tone–shock convergence and the rapid development of plasticity in auditory fear
conditioning have been documented in several species in no less
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Fig. 7. SI scores (±SE) for all three groups, across time. The BLA/1.0 group had a signiﬁcantly larger SI score than the BLA/1.6 and the nonBLA/1.0 groups at 45 and 75 min after
training. *p < .05; **p < .01.

Table 1
Comparison of groups BLA/1.0 and BLA/1.6 on predisposing factors and magnitude of evoked discharges.
Group

BFmax frequency (kHz)

CS–BF Octave distance (octaves)

BLA stimulationcurrent (lA)

(A) Predisposing factors
BLA/1.0
BLA/1.6
Z-score (Mann–Whitney)

22.20 (±2.76)
27.60 (±4.54)
0.87

1.90 (±0.25)
1.80 (±0.18)
0.13

359.38 (±19.99)
365.71 (±26.47)
0.61

Responses to BFmax (spikes/s)

(B) Evoked discharges
BLA/1.0
BLA/1.6
Z-score Mann–Whitney)

Pre

Imm

45 min

75 min

220.60 (±11.47)
181.40 (±12.86)
1.6

205.64 (±11.85)
194.34 (±14.11)
0.53

204.04 (±12.45)
183.69 (±13.57)
0.24

195.58 (±14.84)
182.36 (±14.39)
0.63

Mean ± SE.

Table 2
Comparison of groups BLA/1.0 and nonBLA/1.0 on predisposing factors and magnitude of evoked discharges.
Group

BFmax frequency (kHz)

CS–BF octavedistance (octaves)

BLA stimulationcurrent (lA)

(A) Predisposing factors
BLA/1.0
NonBLA/1.0
Z-score Mann–Whitney)

22.20 (±2.76)
26.90 (±3.95)
0.99

1.90 (±0.25)
1.20 (±0.17)
1.47

359.38 (±19.99)
527.14 (±28.64)
3.91***

Responses to BFmax (spikes/s)

(B) Evoked discharge
BLA/1.0
NonBLA/1.0
Z-score (Mann–Whitney)
Mean ± SE.
**
p < .01.
***
p < .001.

Pre

Imm

45 min

75 min

220.60 (±11.47)
232.90 (±21.34)
0.69

205.64 (±11.85)
216.40 (±18.98)
0.62

204.04 (±12.45)
208.50 (±15.23)
0.17

195.58 (±14.84)
272.40 (±15.88)
2.77**
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than 25 papers from many laboratories (reviewed in Weinberger,
2008). In contrast, the role of the BLA in the modulation of memory
is well established (McGaugh, 2004).
In short, the current study is not an attempt to use BLA stimulation as a substitute for a shock unconditioned stimulus. Hence, it
does not involve the issue of associativity. Rather, this study is a
test of the hypothesis that the BLA can modulate the representation of speciﬁc sensory representations elsewhere in the brain.
The characteristics of associative receptive ﬁeld plasticity in the
primary auditory cortex satisfy the criteria for the representation
of speciﬁc stored information. As noted above (Section 1), these
attributes transcend associativity and notably include the three
attributes of BLA-induced RF plasticity discovered in the present
study: (a) a high degree of speciﬁcity, (b) increased strength over
time (i.e., ‘‘consolidation”) and (c) retention. Thus, the present ﬁndings support this hypothesis of BLA modulation of sensory memory
representations.
4.2.3. Temporal constraints
After having obtained tuning shifts in the BLA/1.0 group, we
investigated the temporal dimension with the BLA/1.6 group. We
found that BLA stimulation can produce an enduring shift of tuning
(i.e., for at least 75 min) if it is presented 1.0 s after tone onset but
no tuning shift if presented 1.6 s after tone onset. We focused on
the latency between tone onset and BLAstm onset because the
durations of BLAstm and the post-BLA tone period of 0.6 s were
identical in both the BLA/1.0 and the BLA/1.6 groups (Fig. 1). This
degree of temporal speciﬁcity was unexpected because the temporal relationships between an experience and the effects of the release of stress hormones and the subsequent engagement of
neurotransmitter systems in the BLA is not so temporally constrained (McIntyre, Hatﬁeld, & McGaugh, 2002; Quirarte, Galvez,
Roozendaal, & McGaugh, 1998). We have no deﬁnitive explanation
for this ﬁnding but note the following. First, the deeply anesthetized preparation, while useful, is far from an adequate substitute
for the waking, behaving and learning animal. Thus, one or more
characteristics of the anesthetized state may be responsible. There
is increasing evidence that the auditory cortex of anesthetized subjects responds strongly to the onset of tones but not to their continued presence. For example, the primary auditory cortex is
especially sensitive to acoustic onset transients (Heil & Irvine,
1998; Phillips, Hall, & Boehnke, 2002) and indeed speciﬁc auditory
cortical plasticity may be dependent upon attention to onset transients (Berlau & Weinberger, 2008). The delay between the onset of
the tone and the onset of BLAstm was longer in the group for which
BLAstm failed to shift tuning. It is possible that the neural effects of
the tone onset in the primary auditory cortex had faded too much
by 1.6 s after tone onset, such that the BLAstm could not modulate
a weak acoustic representation. In general support of this possibility, the duration of the human auditory memory trace is briefest in
the primary auditory cortex compared to other, ‘‘higher” auditory
association ﬁelds (Lü, Williamson, & Kaufman, 1992). Future studies of BLA modulation should be conducted in the unanesthetized,
waking animal.
4.3. Possible mechanisms of BLA modulation of the auditory cortex
The present ﬁndings were predicted in general by a model of
learning-induced speciﬁc receptive ﬁeld plasticity (Weinberger,
1995; Weinberger, 2008; Weinberger et al., 1990). This model
made no distinction of involved nuclei with the amygdala, but postulated that the amygdala, having received speciﬁc enhanced input
from the magnocellular medial geniculate nucleus, would activate
the cholinergic nucleus basalis (NB) to release acetylcholine in the
auditory cortex, and thereby greatly promote the long-term stor-

age of information. Since the formation of this model in 1990, several recent ﬁndings have proven to be highly relevant.
Stimulation of the BLA produces not only speciﬁc tuning shifts
in the primary auditory cortex but also EEG activation of the cerebral cortex. This effect on cortical state apparently is mediated via
the cholinergic nucleus basalis (NB) (Dringenberg & Vanderwolf,
1997). Stimulation of the nucleus basalis also produces EEG activation (e.g., Buzsaki et al., 1988) and tone paired with NB stimulation
produces CS-directed tuning shifts (Bakin & Weinberger, 1996;
Bjordahl, Dimyan, & Weinberger, 1998; Dimyan & Weinberger,
1999; Ma & Suga, 2003). These ﬁndings are consistent with the
possibility that BLA modulation of frequency receptive ﬁelds in
the auditory cortex is also mediated in part via the nucleus basalis,
particularly as the BLA projects to the NB in the rat (Grove, 1988;
see also Russchen, Amaral, & Price, 1985).
While the present ﬁndings demonstrate the ability of the BLA to
speciﬁcally modulate representations of sensory memory, this initial study was not intended to link BLA stimulation to actual
behavioral memory via CS-directed plasticity. However, in light
of previous ﬁndings, the present results are consistent with a particular systems-level mechanism for memory modulation.
First, tone paired with stimulation of the NB not only induces
speciﬁc tuning plasticity, but also induces actual behavioral memory (e.g., McLin, Miasnikov, & Weinberger, 2002; Miasnikov, Chen,
Gross, Poytress, & Weinberger, 2008; Miasnikov, Chen, & Weinberger, 2006; Miasnikov, Chen, & Weinberger, 2008; Weinberger,
Miasnikov, & Chen, 2006). Second, tone paired with NB stimulation
also increases the number of neurons that become best tuned to
the paired frequency (Kilgard & Merzenich, 1998). Third, the number of neurons that become best tuned to a paired frequency increases directly as a function of the degree of the tone’s
behavioral meaning or importance (Rutkowski & Weinberger,
2005). The latter ﬁnding suggests that the brain has a memory code
for the acquired behavioral signiﬁcance of environmental events,
speciﬁcally the number of neurons that become tuned to that event
or stimulus (Weinberger, 2001, chap. 16).
Integrating these ﬁndings suggests that the BLA may strengthen
memory, in part, by shifting tuning to sensory memory representations of important events. As hypothesized in the model, the BLA
may well be a critical structure that drives the nucleus basalis to
release acetylcholine into the cerebral cortex. This is consistent
with the recent ﬁnding that lesions of the NB block the memory
enhancing effect of norepinephrine injected into the BLA (Power,
Thal, & McGaugh, 2002). However, while ACh and the NB may be
key components in BLA modulation of memory, the roles of other
transmitter systems need to be considered as well. For example,
nor-adrenergic, dopaminergic and serotonergic axons engage cholinergic cells in the NB (Smiley, Subramanian, & Mesulam, 1999)
and norepinephrine excites these neurons (Fort, Khateb, Pegna,
Mühlethaler, & Jones, 1995). Also, histamine applied to the NB
facilitates cortical activation (Dringenberg & Kuo, 2003) and increases the release of ACh in the cortex (Cecchi, Passani, Bacciottini, Mannaioni, & Blandina, 2001). Stimulation of the ventral
tegmental area (VTA) can also increase the representation of a tone
with which it is presented, perhaps by the release of dopamine
(Bao, Chan, & Merzenich, 2001). It will now be appropriate both
to extend the current study to the waking, behaving animal and
to forge a tighter link among the BLA, neurotransmitter systems,
modulation of the auditory cortex and behavioral memory.
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