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The purpose of this research was to examine changes in the ratio and ampli- 
tude of the N40 component of the auditory event-related potential (ERP) in the 
paired conditioning (C)  test (T) stimulation paradigm following subchronic 
cocaine/vehicle administration. Free moving rats received cocaine (47.5 mgl 
kg) or saline for 7 consecutive days in a longitudinal crossover design. ERPs 
were recorded 4 and 7 days after each treatment and again 4 and 7 days follow- 
ing withdrawal of the druglvehicle. Cocaine led to a progressive increase in the 
T/C ratio indicating impaired inhibition of the test response. This trend con- 
tinued throughout the 7-day drug regimen. Following withdrawal of the drug 
the TIC ratio gradually normalized over the next 7 days but remained elevated 
at 4 days postdrug. A significant increase in the test response accompanied by 
a less pronounced decrease in the conditioning response accounted for the 
observed results. Behavioral state as measured on a rating scale during ERP 
sampling did not differ across experimental conditions. ...................... 

Introduction 

In the rat, a prominent negative peak occurring at a 
latency of 35-40 ms (N40) recorded from the dura surface 
and hippocampal CA3 neurons in response to auditory 
stimuli exhibits sensory gating and other characteristics 
similar to those described for the human P50 component. 
As such, it has become accepted as the animal analog of the 
PSO response [ 1-31. In a paired stimulation procedure, the 
amplitude to the second or test (T) response is attenuated 
relative to that of the first or conditioning (C) response, 
presumably by activation of inhibitory pathways initiated 
by the conditioning stimulus. Thus the TIC amplitude 
ratio is believed to yield an estimate of inhibitory function 
[J, 51. Since the precise pathways involved are not known 
the term 'gating' has been applied to describe this phenom- 

0 1997 S. Karger AG, Basel IOr\RG E 1 0302-282X/97/0362-0083$12.00/0 
E-Mail karger@karger.ch 
F ~ + 4 1 6 1 3 0 6 1 2 3 4  ' 
h t t p : / / V .  karger.ch 

enon [6]. The smaller the T/C ratio, the greater the degree 
of gating or suppression of the test response. 

Recently, Fein et al. [7] reported reduced P50 ampli- 
tude and suppression in abstinent chronic cocaine-depen- 
dent subjects. However, the possibility of confounding 
from concomitant use of other drugs as well as the poten- 
tial for preexisting differences between experimental and 
control groups could not be ruled out as contributors to 
the observed effects. Decreased N40 gating has also been 
reported in rats immediately after acute cocaine injection 
but the level of arousal, known to be influenced by 
cocaine, was not taken into account [8]. 

The purpose of this research was to determine the 
effects of 7 consecutive days of cocaine administration on 
N40 suppression and amplitude in the rat under carefully 
con trolled conditions. 
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Table 1. Behavioral rating scale 

Score 

1 
2 
3 
4 
5 

6 

State 

asleep 
inactive, drowsy 
inactive, alert posture 
active, in place grooming, sniffing, scratching, etc. 
general activity, gross bodily movements, rearing, normal 
exploration 
hyperactive, rapidly changing position, vigorous grooming, 
rapid exploration 

In the present study the animals' behavior was moni- 
tored and event-related potentials (ERPs) were recorded 
in equivalent behavioral states over all experimental con- 
ditions. 

Methodology 

Subjects Preparation. Eight Long-Evans rats, half male, weighing 
250-350 g were anesthetized with ketamine (50 mg/kg) and xylazine 
(6 mg/kg) i.m. and placed in a Kopf stereotaxic apparatus. The skull 
was exposed and a stainless steel screw was fixed 4 mm posterior to 
bregma (vertex). Tefloncoated stainless steel wire was led from the 
screw to a gold Amphenol pin mounted in a Malino/MacIntyre sock- 
et. Reference electrodes were attached to screws inserted over the 
frontal cortex, 3.0 m m  anterior to bregma and 1.5 m m  to the left or 
right of the midline. All electrodes were affixed to the skull with den- 
tal acrylic. Several accessory screws (posterior and lateral) were 
inserted into the skull around the exposed area for support. All ani- 
mal care procedures (housing, food and water, maintenance, etc.) 
were in accordance with NIH guidelines. 

Stimulus Recording. The auditory stimuli consisted of brief (0.01 
ms) clicks at  an intensity of 85 dB nHL delivered through TDH-39 
transducers positioned 30 cm above the animal. Paired stimuli with a 
0.5-second within-pair interval were presented at  a rate of 1 / 6 3  s. 
Animals were placed in the recording chamber and connected to the 
recording system. Once the animals were reasonably tranquil, ERPs 
were sampled from the dura screw electrodes. ERPs were amplified 
(50,000), filtered (10-100 Hz, 12 dB down) and digitized (20 kHz) 
using a microcomputer averaging system (Gestron Engineering). 
Samples containing excursions exceeding 200 pV were automatically 
rejected. Two averages of 16 trials or four averages of 8 trials were 
accumulated during brief periods (52-104 s) depending on the rela- 
tive quiescence of the subject over a 10-min period. A composite sum 
of 32 trials derived from blocks of uncontaminated ERPs was used 
for analytic purposes. 

Drug/Vehicle. Half of the subjects received cocaine 47.5 mgkg 
(s.c.) while the other half received saline injections in a repeated mea- 
sures crossover design. Complete recovery (2 weeks) of all dependent 
measures following drug administration was attained prior to alter- 
nating treatments. Cocaine hydrochloride, at  a concentration of I .5 
mg per ml, was dissolved in a solution of 1.6 mM, Tris-HC1 buffer 
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(pH = 7.0) to minimize the occurrence of necrosis. When skin lesions 
became visible or subdermal eruptions could be felt the site of the 
injection was moved as needed [9]. There was no evidence of seizures 
or discomfort of any kind during the cocaine regimen. The control 
injections contained an equal volume of isotonic saline. 

Protocol. Prior to experimentation, all subjects were familiarized 
with the testing environment for a 10- to 15-min period over several 
days. Animals were gently handed for several minutes, as a calming 
tactic, then connected to the recording system and placed in a plexi- 
glas recording chamber (1 9.5 x 20 x 30.5 cm). Once adaptation was 
achieved, several sequential ERP averages were acquired. This p r e  
cedure was repeated 4 and 7 days into drughehicle administration as 
well as 4 and 7 days after cessation of all injections. Evoked potential 
data were accumulated about 2 h prior to injection (at the trough of 
the drug treatment) to avoid the possibility of conditioning associat- 
ed with the injection per se. The amplitude of the response measured 
from the preceding positive peak to the N40 trough and the T/C ratio 
(the test response amplitude divided by the conditioning response 
amplitude) was calculated for each testing occasion. 

The animals' behavior was scored according to a modified ver- 
sion of the Ellinwood and Balster [ 101 rating scale (see table 1) during 
ERP sampling. Only data acquired in states 3-5 were retained. 

Data Analyses. Repeated measures analyses of variance 
(ANOVA) were used to determine the 'overall' main effects of treat- 
ment for the TIC ratio and for conditioning and test response ampli- 
tudes. For each dependent variable, multiple comparisons (Student 
Newmann-Keuls method) were made to isolate painvise differences 
between treatments. The Freedman ANOVA on ranks was used to 
compare behavioral state across experimental conditions. 

Results 

The data for the conditioning response amplitude, test 
response amplitude, and T/C ratio are presented in ta- 
ble 2. The omnibus test rejected the null hypothesis (i.e., 
no experimental effects) for the TIC ratio and the test 
response amplitude (F = 32.8, p < 0.00001, and F = 3.81, 
p c 0.0007, respectively). Although the conditioning re- 
sponse did not reach significance (F = 1.88, p = 0.124) the 
trend was for smaller amplitudes during cocaine adminis- 
tration. Specific contrasts revealed: (a) no differences 
between the 2 saline days, nor between the saline days and 
7 days postdrug; (b) increased TIC ratios at 4 and 7 days 
of cocaine injections and at 4 days postcocaine treatment, 
all relative to the saline condition; (c) a greater T/C ratio 
at 7 versus 4 days of cocaine treatment, and (d) a greater 
TIC ratio at 4 compared to 7 days postdrug. Essentially 
the same pattern described for the TIC ratio prevailed for 
the test response amplitude. Table 3 shows that there were 
no statistical differences (1-way ANOVA by ranks) in 
behavioral state rating over the various recording condi- 
tions (Le., during ERP recording). 
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Table 2. Na response (pV) by treatment (mean f SD) 

Response saline-4 Salina7 coCaine-4 Cocaine7 Pmtdrug-cl Postdrug-7 

Conditioning 62.45 12.4 72.4f9.9 5 1.Of 7.8 36.7 f 9.2 50.0f 10.6 61.3f8.7 
Test 29.7 f 5.0 28.1 f4 .3  58.2 f 8.2 50.3f 11.6 37.0f7.6 28.4 f 4.4 
TIC ratio 0.48f0.08 0.39f0.09 1.14f0.22 1.37 f0.28 0.74f0.15 0.46f0.14 

Table 3. Behavioral state by treatment (mean f SD) 
I 

Treatment saline4 Saline7 Cocaine4 Cocaine7 Postdrug-4 Postdrug-7 
~ ~ ~~~~ 

Score 3.88f0.52 3.86f0.55 3.59f0.43 3.78f0.48 4.01 fO.58 3.97f0.40 

Discussion 

We found a progressive increase in the N40 T K  ratio 
over 7 days of cocaine administration. This indicates a 
disruption of gating (inhibition) of auditory stimuli with 
continued cocaine exposure. Reduced gating was appar- 
ent after 4 days of cocaine administration, with greater 
decrements noted following 7 days of cocaine treatment. 
Gating gradually normalized by 7 days postdrug but was 
still diminished at 4 days postcocaine (see table 2). We 
also observed a slight decline in N40 amplitude to the con- 
ditioning stimulus. The conditioning stimuludresponse 
occurs 6.5 s prior to the test stimulus/response and reflects 
Njo generation in the absence of gating. No attempt was 
made to establish dose-response curves or elucidate sensi- 
tization effects at this stage of investigation. 

The decrease seen in N40 gating and amplitude in rats 
during cocaine exposure and lasting into the postdrug 
period is consistent with the human P50 alterations ob- 
served by Fein et al. [7] in recently abstinent cocaine- 
dependent subjects. The relatively small N40 gating reduc- 
tions reported by Boutros et al. [8] immediately after 
cocaine injections may have been due to the low dosage 
(20 mg/kg) used in that study. Previous research has 
shown that cocaine HCl in doses less than 25 mg/kg may 
be below threshold for certain neurobehavioral sequelae 
and are apt to produce more variable, if any, effects [ 1 1- 
131. On the other hand, doses much greater than 60 mg/kg 
are not well tolerated in the rat and often lead to signifi- 
cant morbidity or mortality [ 14, 151. In contrast, the 35- 
60 mg/kg range (delivered via S.C. injection) yields rat 
brain and plasma concentrations equal to or slightly 
above those reported for human cocaine users [ 1 3,16,17] 
providing a basis for quantitative comparability [ 181. 

The stimulant properties of cocaine, including in- 
creased locomotor activity, stereotypic behavior and CNS 
excitability have been well documented in the literature 
[ 12, 14, 191. Indeed, Adler et al. [5 ]  noted that hyperarou- 
sal to a novel testing situation resulted in reduced gating 
which was restored as the animals became familiar with 
the experimental environment. This suggests that N40 gat- 
ing may be somewhat state-dependent thereby emphasiz- 
ing the importance of controlling for activity level during 
N40 recordings in unrestrained animals. In this study, we 
used momentary recording epochs (0.86-1.7 min) and 
rated the rats' behavior during ERP sampling (see ta- 
ble l). While increased arousal associated with cocaine 
exposure was evident throughout the administration regi- 
men persisting 4 days into the postdrug period, ERPs 
were selectively obtained in a relatively uniform behav- 
ioral state across treatments (see table 3). By counterbal- 
ancing the order of drug and saline treatment, we were 
able to rule out any effects solely attributable to the injec- 
tion procedure. Further, by waiting until complete re- 
sponse normalization after the drug treatment, we elimi- 
nated the influence of any carryover effects. Despite a 
sample of only 8 rats the crossover design (whereby all 
subjects received all treatments) strengthend the internal 
validity of the study and the power (<0.99) of the per- 
formed analysis (Sigmastat 2.0) calculated directly from 
the data [not estimated] was sufficient to detect a true 
effect with a high degree of accuracy. 

While the exact mechanisms underlying gating and 
response amplitude are not known, both noradrenergic 
and dopaminergic systems are believed to be involved. 
Based upon comparable properties of T/C suppression 
reported in animals and humans, Adler et al. [5] explored 
the modulatory role of the catecholamines on the N40 
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component. Amphetamine was found to disrupt TIC s u p  
pression and reduce the amplitude of the conditioning 
response. The neuroleptic haloperidol, an inhibitor of 
dopamine and norepinephrine, blocked both of the ampli- 
tude effects. When subsequently treated with DSP-4, a 
specific depleter of central norepinephrine and serotonin, 
amphetamine did not modify gating as before, however, 
N40 amplitude remained reduced in these animals. Gating 
and N40 amplitude in the hippocampus were also im- 
paired by amphetamine and reversed by haloperidol [2]. 
Thus, the amplitude of N40 appears to be mediated by 
dopaminergic neurons whereas gating is mediated by nor- 

adrenergic involvement. A recent study, however, ha: 
also implicated dopaminergic D1 receptors in sensory gat. 
ing [20]. Our data lend support to the view that surfaa 
ERPs can be utilized to indirectly assess both of thest 
transmitter systems following drug treatment in a ra; 
model. 
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