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Abstract The primary auditory cortex is subject to the

modulation of numerous neurotransmitters including nor-

epinephrine (NE), which has been shown to decrease

cellular excitability by yet unclear mechanisms. We inves-

tigated the possibility that NE directly affects excitatory

glutamatergic synapses. We found that bath applications of

NE (20 lM) decreased glutamatergic excitatory post-syn-

aptic currents (EPSCs) in all cortical layers. Changes in the

kinetics of synaptic EPSCs, invariance of pair pulse ratio and

of the coefficient-of-variation, together with the decrease

of responses to pressure-application of AMPA (500 lM),

indicated the postsynaptic nature of the adrenergic

effect. Pharmacological experiments suggested that the

NE-induced depression of EPSCs is caused by the activation

of a1 adrenoceptors, PLC, and a Ca2?-independent PKC.

We speculate that the decrease in temporal cortex excit-

ability might promote a posterior-to-anterior shift in cortical

activation together with a decrease in spontaneous back-

ground activity, resulting eventually in more effective

sensory processing.
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Introduction

Norepinephrine (NE) is a monoamine synthesized and

released in the brain from neurons of the locus coeruleus

(LC) and the lateral tegmental field, which project to

multiple brain areas including the amygdala, spinal cord,

hippocampus, thalamus, hypothalamus, and importantly,

the neocortex [2, 4, 16, 37, 70]. NE is released by volume

transmission under a number of behavioral conditions

including stress [1, 8, 19, 31, 33, 35, 78], fear [11, 26, 51,

65, 79], feeding [18, 29], and sexual activities [20, 38]. The

pervasive and ubiquitous presence of NE fibers and its

receptors makes this monoamine a candidate for the

modulation of brain states, and a potential target for a

variety of neuropsychiatric conditions such as psychoses,

attention-deficit/hyperactivity disorder, depression, and

drug addiction [5, 22, 30, 39, 49, 63]. Because of its

importance in working memory and executive functions,

the cellular effects of NE on the prefrontal cortex (PFC)

have been the focus of a large number of studies [63, 68,

80]. A large number of studies have reported different

effects of the NE system on glutamatergic signaling in the

PFC and motor cortex with different results. Some of them

have shown that NE depresses both N-methyl-D aspartate

receptor- (NMDAR-) dependent and non-NMDAR-depen-

dent components of the monosynaptic excitatory

postsynaptic currents (EPSCs) [45, 46], while others have

shown that glutamate-evoked excitatory cortical responses

are increased by activation of a1-adrenoceptors [59].

Comparatively less attention has been paid to the effects

of NE on glutamatergic signals in sensory cortices. In vivo

studies on somatosensory and visual cortices have shown

that either exogenous or endogenous activation of the

adrenergic system greatly modifies cortical excitability,

which in turn affects sensory field properties and signal-to-

noise ratio (S/N) [81–83]. In the auditory cortex (ACx), NE

has also been shown to strongly affect auditory responses

by modulating frequency selectivity, S/N, and cortical

plasticity, possibly by transiently opening a window of
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selective plasticity in the tuning curves of ACx

[52, 54, 55]. Since a possible adrenergic mechanism for

altering auditory signal processing and S/N is the direct

modulation of synaptic excitatory glutamatergic transmis-

sion, in this study we sought to determine the direct effects

of NE on excitatory synaptic transmission. To this end, we

used whole-cell patch-clamp recording on an auditory

cortex slice preparation to study the adrenergic modulation

of a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate-

(AMPA-) mediated synaptic responses.

Methods

Preparation

We used an auditory cortex slice preparation similar to the

one previously described [9]. About 23- to 36-day-old

Sprague–Dawley rats (Charles River, Wilmington, MA)

were anesthetized with isoflurane (Baxter, Round Lake, IL)

and sacrificed according to the National Institutes of Health

guidelines (UTD IACUC number 04-04). Rat brains were

sliced with a vibratome (VT1000, Leica) in a refrigerated

solution (0–4�C) containing (mM) 130 NaCl, 3.5 KCl, 10

glucose, 24 NaHCO3, 1.25 NaH2PO4, 0.2 ascorbic acid, 1.5

CaCl2, and 1.5 MgCl2, saturated with a mixture of 95%

O2–5% CO2 (ACSF). 270 lM-thick coronal slices from the

most caudal fourth of the brain were retained after

removing the occipital convexity and subsequently incu-

bated in ACSF at 32�C before being placed in the recording

chamber. The recording area was selected dorsally to the

rhinal fissure corresponding to the auditory cortex [66].

The recording solution also contained picrotoxin (100 lM)

for blocking c-amino-butyric acid-receptor (GABAR)-

mediated currents.

Drugs and Solutions

All drugs were purchased from Sigma (St. Louis, MO),

TOCRIS (Ellisville, MO), or Peptides International (Lou-

isville, KY). In some experiments, pulses of the

glutamatergic agonist (±)-AMPA hydrobromide (500 lM)

were applied at 100–200 lm from the recording areas. A

stock solution was diluted tenfold in ACSF before being

back-filled to a glass pipette similar to the one used for

recording. (±)-AMPA hydrobromide application was per-

formed using a pressure system (picospritzer, General

Valve, Fairfield, NJ) through a glass pipette (25 psi,

3–12 ms). Stock solutions of all drugs were prepared in

water except for U73122, whose stock solution was pre-

pared in dimethylsulfoxide (final concentration, 0.1%). For

non-aqueous solutions, the final concentration of the sol-

vent was added to the recording control solution. Drugs

were bath-applied into the recording chamber except for

U73122 and Gö6976, which were added to the incubation

chamber as a pretreatment as specified in the text. After

recording an initial baseline for 7–10 min, drugs were bath-

applied for 5 min or longer, until reaching a stable condi-

tion (see ‘‘Statistical analysis’’). Solutions containing

adrenergic drugs were prepared fresh every day, and oxy-

genated right before use in the presence of minimal

environment light, in order to avoid oxidation.

Electrophysiology

Slices were placed in an immersion chamber, where cells

with a prominent apical dendrite, suggestive of pyramidal

morphology, were visually selected using a BX 51 (Olym-

pus) and infrared camera system (DAGE-MTI, Michigan

City, IN). Excitatory postsynaptic currents (EPSCs) were

recorded in the whole-cell configuration, in voltage-

clamp mode, with the holding membrane potential at

Vh = -60 mV, with 3–5 M electrodes were used and filled

with a solution containing (mM): 100 CsCl, 5 1,2-bis(2-

aminophenoxy)ethane-N,N,N0,N0-tetraacetic acid K (BAP-

TA-K), 1 lidocaine N-ethyl bromide (QX314), 1 MgCl2, 10

HEPES, 4 glutathione, 1.5 ATPMg2, 0.3 GTPNa2, 8 bio-

cytin, and 20 phosphocreatine. In some experiments,

BAPTA was replaced by ethylene glycole tetraacetic acid

(EGTA, 0.5 mM). The intracellular recording solution was

titrated to pH 7.3 and had an osmolarity of 270 mOsm. The

holding voltage was not corrected for the junction potential

(\4 mV). Electrically evoked EPSCs (eEPSCs) were mea-

sured by delivering two electric stimuli (90–180 ls,

10–50 lA) 50 ms apart every 10 s with an isolation unit,

through a glass stimulation monopolar electrode filled with

ACSF, and placed at 150–200 lm from the recording elec-

trode. A 2-mV voltage step was applied at the beginning of

every episode in order to monitor the quality of the recording

by measuring the input resistance (Rm). Cells whose

Rm changed more than 20% during the recording were

discarded. EPSCs are referred to as inward (excit-

atory) currents, according to the electrophysiology sign

convention.

Biocytin Injections

All recorded neurons were injected with 8 mM biocytin in

the intracellular solution. After all recordings, slices were

immediately transferred to a 24-well plate and fixed in a

solution containing 80 mM Na2HPO4, 80 mM NaH2PO4,

and 4% paraformaldehyde. Biocytin staining was pro-

cessed using diaminobenzidine as chromogen, using a

standard ABC kit (Vector Labs, Burlingame, CA). A light

cresyl violet Nissl counterstain was used to identify the

cortical layers.
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Statistical Analysis

We defined a statistically stable period as a time interval of

5 min during which the EPSC mean amplitude measured

during any 1 min assessment did not vary according to an

unpaired Student’s t test. Mean ± SEM. were reported. Pair

pulse ratio (PPR) was calculated as the mean of the second

response divided by the mean of the first response, according

to Kim and Alger [42]. Wilcoxon test was used for assessing

possible differences in PPR between control and treatment

conditions. The percentage effect of drug application on the

EPSC amplitude was defined as R = (Atreat/Actrl) 9 100%,

where Atreat and Actrl were, respectively, the mean EPSC

amplitude in treatment and in control (R = 100% corre-

sponded to no change, whereas R = 0 corresponded to total

blockage). Drug effects were assessed by measuring and

comparing different parameters (R, EPSC mean amplitude,

and PPR) between baselines (control) versus treatment, with

paired Student’s t test. ANOVA unpaired Student’s t tests

were used for comparisons between different groups of cells.

Data were reported as significantly different only if

P \ 0.05. Single asterisks (*) indicate P \ 0.05, double

asterisks (**) indicate P \ 0.01. Coefficient-of-variance

(CV) analysis was performed according to the one reported

by [28] and by [85].

Results

Whole-cell recordings were conducted on pyramidal cells in

layer II/III of rat auditory cortex. Neurons were identified by

the triangular shape of their cell bodies and by the presence

of a long apical dendrite extending toward superficial layers.

Excitatory postsynaptic currents measured at a resting

potential of Vh = -60 mV, were blocked by di-nitro-quin-

oxaline (DNQX, n = 3, data not shown). Input resistance

was 138 ± 8 MX. Synaptic data were acquired with a pair

pulse protocol (50 ms interpulse delay). First response

amplitudes and pair pulse ration were measured.

The Effect of Norepinephrine on Glutamatergic

Currents

To examine the effect of NE on electrically evoked

excitatory postsynaptic currents (eEPSCs), NE (20 lM)

was bath-applied for 3–20 min after a stable baseline

response was obtained for 7–10 min. The percentage effect

was defined as R : (Atreat/Actrl) 9 100%. The application

of NE greatly decreased the mean eEPSCs amplitude

(R = 59 ± 6%, n = 9, P \ 0.05, t test; Fig. 1b). In most

recordings, the NE-induced decrease in eEPSCs amplitude

was reversed within 25–50 min (example in Fig. 1a). NE

did not change the paired-pulse ratio (PPR), defined as the

ratio between the mean of the second to the mean of the

first eEPSCs amplitude [42] (PPR: 0.73 ± 0.21 in control

vs. 0.83 ± 0.2 in NE, n = 9, n.s., Wilcoxon’s test; Fig. 2a,

b). In addition, NE increased eEPSC rise-time by 15 ± 4%

(n = 8, P \ 0.05, paired t test).

Synaptic Locus of the Norepinephrine-Induced EPSCs

Depression

The postsynaptic nature of the adrenergic effect suggested

by the absence of PPR change after NE application, was
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Fig. 1 NE decreases eEPSCs amplitude in layer II/III of auditory

cortex. a Temporal course of population data points and traces

average (insert) showing that NE (20 lM) reduces eEPSCs ampli-

tude. The plotted data points, collected from the two pulse protocol

repeated every 10 s, were obtained from the first electrical pulse.

b Mean average of NE actions on eEPSCs, reported as mean ± SE.

c Camera lucida drawing of a typical cortical spiny cell with basal

dendrites and neuropil expansion of its apical dendrite. Calibration

bar 20 lM
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corroborated by the invariance in CV analysis of eEPSCs

amplitude (-0.3 ± 0.04 in control vs. -0.27 ± 0.4 in NE,

n.s.; Fig. 2c). Individual CV analysis are shown in Fig. 2d

(n = 9). As an independent assessment we determined the

effect of NE on the postsynaptic current evoked by brief

pressure applications of AMPA through the tip of a patch-

clamp electrode (500 lM, cEPSCs; see ‘‘Methods’’).

Similar to the effect on eEPSCs, NE application reduced

the amplitude of chemically-evoked EPSC (cEPSCs,

-93 ± 28 pA in control vs. -60 ± 15 pA in NE,

P \ 0.05, n = 6, Wilcoxon’s test). An example of time-

course and traces of population data is shown in Fig. 2e.

The averaged change induced by NE on cEPSCs is equi-

potent to that of eEPSCs (RcEPSCs = 65 ± 5%, ReEPSCs =

59 ± 6%, P [ 0.05, t test; Fig. 2f).

To further examine whether or not the effect of NE was

homogenous throughout different cortical layers of the

auditory cortex, we additionally recorded eEPSCs in layers

I, IV, and V. As shown in Fig. 3a, NE also elicited a

reversible decrease in eEPSCs amplitude of pyramidal

neurons in all cortical layers. On average, eEPSCs recorded

from pyramidal cells of layers II/III, IV and V were

decreased to similar extents (R = 59 ± 6, 69 ± 4,

60 ± 7%, respectively). Interestingly, glutamatergic signal

to layer I interneurons showed the largest decrease

(R = 51 ± 2%, n = 5, P \ 0.05, t test; Fig. 3b). Record-

ings from virtually all cortical layers, illustrated in Fig. 3b,

suggested that the reduction of glutamatergic synaptic

transmission was mediated by a homogeneous activation of

postsynaptic adrenoceptors in all layers of the auditory

cortex.

Norepinephrine Decreases EPSCs Through Activation

of a1-Adrenoceptors

Adrenergic receptors are subdivided into three main fam-

ilies: a1, a2 and b receptors [36, 74]. We investigated the

possible contribution of each of the main different

adrenoceptors subtypes to the NE-induced eEPSCs ampli-

tude reduction. The selective a1 agonist phenylephrine

(1 lM) mimicked NE-induced depression of eEPSCs

amplitude (R = 67 ± 4%, n = 7, P [ 0.05, ANOVA with
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Fig. 2 Postsynaptic actions of

NE on eEPSCs. a Effects of NE

application on paired-pulse ratio

(PPR), for individual cells.

b NE-induced no significantly

changes in PPR. Mean

average ± SE in control and

NE conditions. c Time-course

from a representative cell show

that NE no induced changes in

coefficient-of-variation (CV).

d Summary in CV for individual

recordings in control and NE

application. e Temporal course

of population data points of NE

actions on chemical induced

excitatory currents (cEPSCs) by

pressure AMPA (500 lM)

application. f Average change

induced by NE on cEPSCs and

eEPSCs reported as mean ± SE
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a post hoc Tuckey’s test; Fig. 4g). The effect of NE was

not found to be statistically different from that of phenyl-

ephrine (P [ 0.05, ANOVA with a post hoc Tuckey’s test).

The involvement of adrenergic a1 receptors was confirmed

by the fact that the application of prazosin (1 lM), a

selective a1 antagonist, almost completely blocked the

NE-induced depression of eEPSCs (R = 86 ± 3%,

n = 10, P \ 0.01, ANOVA with a post hoc Tuckey’s test;

Fig. 4h). An example of time-course and traces is dis-

played in Fig. 4a, b for phenylephrine and NE in the

presence of prazosin, respectively. These results indicated

that the NE-induced decrease in glutamatergic signal was

mediated at least partially by the activation of a1 receptors.

a2-adrenoceptors have been shown to reduce Ca2?-cur-

rents in sensory motor cortex pyramidal neurons [76] and

to affect PFC neuronal activity [10, 50]. In order to assess

whether a2 adrenoceptors were involved in the EPSCs

modulation we tested the effect of a2 receptor agonist or

antagonists. The selective a2 agonist clonidine (1 lM) did

not mimic the action of NE upon eEPSCs (R = 91 ± 5%,

n = 7, P \ 0.01, ANOVA with post hoc Tuckey’s,

Fig. 4g). Additionally, NE-induced depression of eEPSCs

persisted in the presence of 1 lM yohimbine, a selective a2

antagonist (R = 73 ± 5%, n = 7, P \ 0.05, ANOVA with

a post hoc Tuckey’s test; Fig. 4h). Examples of time-

course and traces are reported in Fig. 4c for clonidine and

in Fig. 4d for NE in yohimbine. These results suggest that

a2-adrenoceptors were not involved in the NE-induced

depression of glutamatergic synaptic transmission.

Possible effects of b adrenoceptors were tested with the

application of two concentrations of the nonselective b
agonist isoproterenol (ISO, 10 lM and 100 lM). ISO

failed to mimic the effect of NE on eEPSCs (R = 93 ± 4%

for 10 lM ISO, n = 8, P \ 0.01, and R = 86 ± 8% for

100 lM ISO, n = 6, P \ 0.01, ANOVA with a post hoc

Tuckey’s test, Fig. 4e). Furthermore, when NE was

superfused in the presence of the b-blocker propranolol

(1 lM), the amplitude of eEPSCs continued to show

marked reduction (R = 54 ± 6%, n = 8, P [ 0.05,

ANOVA with a post hoc Tuckey’s test; Fig. 4f). Examples

of time-course and traces are reported in Fig. 4e for ISO

and in Fig. 4f for NE in propranolol. The averaged

amplitude changes are shown in Fig. 4g, h, reported as

mean ± SE. These results suggest that b-adrenoceptors

were not involved in the NE-induced depression of gluta-

matergic synaptic transmission. Altogether, these results

showed that only a1, but not a2 nor b-adrenoceptors, were

responsible for the NE-induced depression of glutamatergic

synaptic transmission.

Molecular Mechanisms of the NE-Induced Depression

of Glutamatergic Transmission

a1-Adrenoceptors belong to the G-protein-coupled receptor

family which activates phospholipase C (PLC), protein

kinase C (PKC), and induces an increase in IP3 and intra-

cellular Ca2? concentration ([Ca2?]i). We confirmed this

by incubating rat slices for 2 h in 1-6-((17b)-3-Methoxy-

estra-1,3,5[10]-trien-17-yl)aminohexyl-1H-pyrrole-2,5-dione

(U73122) (10 lM) which prevents PLC activation by

inhibiting its coupling with G-proteins. 2 h or longer (but

not 1 h) pre-incubation with U73122 prevented the

NE-induced eEPSCs depression (R = 86 ± 4%, n = 5,

P \ 0.01, ANOVA with post hoc Tuckey’s, Fig. 5d),

indicating that PLC was responsible for the action of NE.

Examples of time-course and traces are reported in Fig. 5a.

Different types of PKC can be the downhill effector of

PLC. In order to study the contribution of Ca2?-dependent

PKC proteins in noradrenergic-induced eEPSCs depres-

sion, we incubated our slices with the specific blocker of

the Ca2?-dependent PKC Gö6979 (400 nM) [67]. Gö6976

pre-incubation did not prevent the NE-induced eEPSCs

depression (R = 58 ± 3.5%, n = 9, P [ 0.05, ANOVA

with a post hoc Tuckey’s test, Fig. 5d), indicating that a

Ca2?-independent PKC isoform was responsible for such

depression. Examples of time-course and traces are

reported in Fig. 5b.

In order to confirm that the NE-induced eEPSCs

depression was not related to changes in intracellular Ca2?

concentration we replaced the Ca2? chelator BAPTA with

EGTA (0.5 mM) in the intracellular recording solution.

The obtained inhibitory effect of NE (20 lM) in EGTA
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(R = 58 ± 5% of its control, n = 5, P [ 0.05, ANOVA

with post hoc Tuckey’s, Fig. 5d) was equipotent to that

induced with BAPTA in the intracellular solution. Exam-

ples of time-course and recording with the low-EGTA

intrapipette solution are reported in Fig. 5c. Altogether,

these results suggested that the NE-induced eEPSCs

depression was independent of [Ca2?]i.

Discussion

We demonstrated for the first time that NE depressed

excitatory synaptic transmission by activating postsynaptic

a1 adrenoceptors, via a PLC-dependent, Ca2?-independent

cascade pathway in the auditory cortex.

Synaptic Locus of the Noradrenergic Effect

a-adrenoceptors-mediated postsynaptic responses have

been recorded in many areas of the CNS, including thala-

mus [56], hypothalamus [64], reticular formation [32], and

dorsal Raphe [62]. The invariance in PPR and CV, with the

change in EPSCs kinetics suggests a postsynaptic origin of

the NE-induced inhibition of the glutamatergic signal,

and is in agreement with the similar extent of reduction of
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the synaptic and pressure-application AMPAR-mediated

signal. Postsynaptic adrenergic modulation of EPSC have

been described in other brain areas, particularly in the

prefrontal cortex [21, 40] The NE-induced EPSCs depres-

sion was quantitatively homogeneous across all layers of

the rat auditory cortex.

Pharmacology of the Noradrenergic Depression

Since the NE-induced depression of glutamatergic syn-

aptic transmission was mimicked by a1-adrenoceptors

agonist phenylephrine, and blocked by the a1-adreno-

ceptor antagonist prazosin, while neither a2- nor

b-adrenoceptors modulation mimicked the action of NE,

the adrenergic effect appeared to be mediated exclusively

by postsynaptic a1-adrenoceptors. This finding is in

agreement with a previous in vitro study of the neocortex

that showed NE, via activation of a1-adrenoceptors,

decreased the amplitude of monosynaptic EPSCs [45].

Additionally, Manunta and Edeline, produced a series of

in vivo studies (1997, 1998, and 1999) suggesting that a1-

adrenoceptors were involved in the NE-induced inhibition

of the tone-evoked signal, and that this inhibition was

probably was not mediated by GABAergic interneurons in

the auditory cortex [52–54].

Metabolic Pathway

The block of the NE-induced depression of the glutama-

tergic signal after incubation of brain slices with the PLC

blocker U73122 indicates that the a1-adrenoceptors

responsible for the adrenergic effect belong to a classic Gq

protein family initiating the phosphoinositol cascade by

activation of phospholipase C (PLC), and, eventually, of

the protein kinase C (PKC). The failure of the Ca2?-

dependent PKC inhibitor (Go6976) to prevent the adren-

ergic decrease in glutamatergic signal and the inability of

the low-EGTA intracellular solution to enhance the EPSCs

depression are indicative of a Ca2?-independent adrenergic

mechanism. This result is in agreement with a previous

study showing that a1 activation may indeed involve a

Ca2?-independent signaling pathway [15], but is in contrast

with studies obtained in other brain areas in which

a1-adrenoceptors activation coupled to PLC via G-protein

increase [Ca2?]i via Ca2? influx releasing Ca2? from

intracellular stores [24, 44, 48, 69].

Functional Implications

Previous studies indicated that an increase in NE levels in

the CNS would elevate seizure threshold, while impair-

ments in adrenergic function by inhibition of NE synthesis,
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PKC blocker) does not occlude the actions of NE on EPSCs

amplitude. c The NE-induced EPSCs depression was independent on

intracellular Ca2? concentration. EGTA (0.5 mM) does not change

the modulation of EPSCs by NE. d Bar graph summarized NE

effects. Mean ± SE of NE-induced reduction. Significance levels are

measured relative to the NE effect (first bar)

1902 Neurochem Res (2009) 34:1896–1906

123



release, or storage, conversely would reduce seizure

threshold [23]. Our findings support an anti-epileptogenic

function of NE in the mammalian neocortex. This inter-

pretation could explain results from in vivo experiments

[61, 71], in which LC stimulation increases in the threshold

for kindling-induced seizures [84], as well as the suppres-

sive effect of NE release on the development of kindling-

induced seizures in the amygdala [57]. The NE-induced

decrease of the AMPA signal and increased signaling from

GABAergic neurons, as found in the hippocampus, neo-

cortex and in other brain regions, converge to strengthen

the antiepileptic role of the noradrenergic system [3, 13,

14, 27, 41]. The results from our study could explain the

role of a1 receptors in mediating NE anticonvulsant action

[12, 47, 58, 60, 71].

If the adrenergic inhibition of AMPAR-mediated cur-

rents were the prevalent effect in the auditory cortex, the

activation of the adrenergic system would greatly increase

and shape the selectivity to auditory input. In this way, the

corticopetal adrenergic system could prevent the overflow

of data tagged as important information for further cortical

processing, while a dysfunctional cortical adrenergic sys-

tem might impair the transient formation of working

memories first, and, in a second phase, the formation of

long-term synaptic plasticity. Since a1 receptors strongly

regulate temporal cortex excitability, their deficiency is

likely to shift the balance between excitation and inhibition

in favor of the former. An alteration in the density of a1

receptors might be an important factor in the etiology of

psychoses, explaining the results from an in vitro autora-

diography study showing a decrease in a1 receptor density

in several brain areas including the temporal cortex and

caudate nucleus in human brains from suicide victims [34].

Furthermore, a prolonged blockade of a1 receptors is

associated with stress-like depressive behaviors [72, 73],

while the reduction in a1 receptor binding sites [25, 34],

and a1-adrenoceptors insensitivity are found in patients

with major stress-induced depressive disorders [6, 7].

In in vivo recording from the rat auditory cortex, the

ionophoretic application of NE produces a significant

decrease in the spontaneous activity and tone-evoked sin-

gle-unit activity, leaving the signal-to-noise ratio

statistically unchanged, as reported by [54, 55]. In these

studies, pairing NE iontophoretic application with the

presentation of a particular tone frequency induced large

decreases in the auditory evoked response to stimuli at the

paired frequency (PF), and to a lesser extent to stimuli at

frequencies right adjacent to PF [54, 55]. The same authors

also reported that the bandwidth of the effect was smaller

immediately post-pairing. Interestingly, the study showed

that the presence of NE selectively affected strong acoustic

stimuli, with smaller changes associated with weak input.

Similarly, [43] reported that NE specifically enhanced

auditory temporal contrast and improved neuronal timing

precision by suppressing tonic components of auditory

responses, and by enhancing the phasic onset of responses

to pure tones [43]. These findings can be at least partially

explained by the NE-induced decrease in excitatory

responses, which could lead to an increase in the selectivity

of auditory cortical functions by limiting the number of

cortical networks activated by a given auditory input, and

subsequently enhancing selective responses and improving

auditory discrimination. In agreement with this interpreta-

tion, recent studies indicate that increases in NE release

regulate plasticity in the auditory cortex [75], while

d-amphetamine treatment of stroke rehabilitation patients

promotes recovery of speech, language abilities, and

hearing functions [77]. Last, although the study has been

conducted in 23- to 36-day-old rats passing, animals were

still considered to be juvenile [17]. Therefore, the effect of

NE-induced depression may have an age-related compo-

nent. Further measurement in older animals is needed to

fully confirm the effect of NE in temporal cortex.

We conclude that the NE-induced decreases in excit-

ability in the auditory cortex may be an important

determinant of the physiological response to increased

environmental demands, acting to suppress irrelevant sen-

sory signals by decreasing spontaneous background

signals, and leading, in turn, to the selective enhancement

of behaviorally relevant responses. We speculate that an

impairment of the a1-adrenoceptor response is a potential

factor in the etiology of stress-related alterations in the

balance between synaptic excitation and inhibition asso-

ciated with psychoses, depression, and attention-related

syndromes.
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