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Increases in Excitability of Neurons of the Motor Cortex of Cats after 
Rapid Acquisition of Eye Blink Conditioning 

Shuji Aou,= Charles D. Woody, and Dorwin Birt 

Mental Retardation Research Center, Brain Research Institute, UCLA Medical Center, Los Angeles, California 90024 

Measurements were made of resting potentials, input resis- 
tance, and excitability to intracellularly applied, depolarizing 
current pulses in neurons of the pericruciate cortex of con- 
scious cats before and after acquisition of a rapidly condi- 
tioned eye blink reflex (CR). Neuronal excitability increased 
after conditioning, and an increased input resistance was 
found to be correlated with the increased level of excitability. 
No associated changes were found in resting potentials as 
a consequence of conditioning. 

When cells were divided into groups according to the la- 
tency of spike activity elicited by a click conditioned stimulus 
(CS) in relation to four separate excitatory EMG components 
of the compound blink CR, excitability increases were found 
in cells with increased spike activity at a, (E-40 msec), (r2 
(40-72 msec), B (72-l 12 msec), and 7 (112-I 80 msec) la- 
tencies after delivery of the CS. Also, the proportion of cells 
with high excitability (co.7 nA required for spike elicitation) 
was increased at each latency period after conditioning. In- 
creases in later components of spike discharge could also 
be found in the cells with increases in earlier components 
of discharge and increased excitability. The findings sug- 
gested that excitability increases facilitated a responsive- 
ness to the CS that supported production of long- as well 
as short-latency components of the blink CR. 

Many of the changes in neuronal properties found after 
rapid eye blink conditioning, such as the increases in ex- 
citability and resistance and in the proportion of CS-excitable 
cells, resembled changes found earlier after acquisition of 
a slowly developing Pavlovian blink CR, using the same click 
CS and tap unconditioned stimulus without addition of a 
hypothalmic stimulus. The possibility should be considered 
that the (IO-100 times) more rapidly acquired form of eye 
blink conditioning does not represent a different form of 
conditioning, but instead a change in the rate of conditioning 
supported by the more rapid production of increases in neu- 
ral excitability. 
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Recent evidence suggests that the essential adaptive mecha- 
nisms supporting Pavlovian conditioning of long-latency [ > 100 
msec onset after delivery of conditioned stimulus (CS)] nicti- 
tating membrane and eye blink responses may be found in neu- 
rons of the cerebellum and brain stem (Moore et al., 1982; Yeo 
et al., 1984; Thompson, 1986). Earlier investigations (Woody 
and Black-Cleworth, 1973; Woody et al., 1976; Brons and 
Woody, 1980), however, found increases in the excitability of 
neurons of the cortex after Pavlovian conditioning of a short- 
latency eye blink reflex. The short, a-latency of that response 
raised questions about its generality as a model of conditioning 
(Hilgard and Marquis, 1940; Thompson and Donegan, 1987; 
but cf. Woody, 1982, 1986), and the conditioned reflex (CR) 
was acquired slowly, 700-1000 trace pairings of click CS and 
glabella tap unconditioned stimulus (US) being required for its 
development (Woody et al., 1974; Woody, 1982). Consequently, 
a model of rapid conditioning was sought with both short- and 
long-latency response components (Rim et al., 1983; Hirano et 
al., 1987). 

A preceding report (Hirano et al., 1987) provided evidence 
that an eye blink reflex with both short- and long-latency com- 
ponents could be conditioned rapidly in 20 or fewer pairings 
using the same click CS and tap US with addition of electrical 
stimulation ofthe hypothalamus (HS). Subsequently, the pattern 
of activity elicited in cells of the motor cortex by the CS was 
found to change after conditioning in such a way as to support 
production ofeach component of the conditioned response (Aou 
et al., 1992). Further studies, described in this report, deter- 
mined if changes in membrane properties occurred in these 
cortical neurons that could support the enhancement of unit 
activity. 

Intracellular recordings were obtained from neurons of the 
motor cortex of conscious cats before and after development of 
the blink CR. Resting potentials (RP) and input resistance (R,), 
as well as excitability to depolarizing current pulses, were mea- 
sured. The following questions were asked. (1) Was neuronal 
excitability increased after rapid conditioning? (2) Did devel- 
opment of the changes depend on the order of stimulus pairing, 
as did development of the conditioned behavioral response? (3) 
Was excitability increased in cells with long- as well as short- 
latency responses to the CS? (4) Were changes in resting potential 
or input resistance correlated with the changes in neuronal ex- 
citability? (5) Were changes in membrane properties after con- 
ditioning found selectively in neurons classified according to 
their receptivity to the CS, or were they found more selectively 
in neurons classified according to their motor projection to mus- 
cles involved in generation of the CR? 
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Table 1. Average excitabiliw by cat and behavioral state 

Behavioral state 

Cat ADP COND EXT S’ EXT S- DHS, DHS, 

N 

F 

G 

I 

H 

A 

B 

0 

E 

C 

Total 

Mean 0.82 
n 21 
SD 0.59 
Mean 0.91 
n 22 
SD 0.50 
Mean 0.84 
n 27 
SD 0.27 
Mean 0.78 
n 4 
SD 0.13 
Mean 1.2 
n 7 
SD 0.66 
Mean 1.11 
n 22 
SD 0.62 
Mean 0.88 
n 20 
SD 0.40 
Mean 0.99 
n 24 
SD 0.43 
Mean 1.09 
n 20 
SD 0.56 
Mean 0.93 
n 21 
SD 0.44 
n 188 

0.64 
53 

0.36 
0.69 

65 
0.49 
0.68 

13 
0.30 
0.49 
5 
0.13 
0.63 

17 
0.28 
0.70 

18 
0.37 

171 

0.13 
26 

0.35 
0.65 

33 
0.29 

0.85 
32 

0.48 
0.92 

28 
0.56 
0.86 

31 
0.45 

59 91 

0.76 
20 

0.35 
0.78 

19 
0.47 
0.40 
2 
0.00 

0.99 
31 

0.46 
0.78 

21 
0.33 

52 41 

ADP, adaptation; COND, conditioning; EXT S+, prolonged extinction with performance of CRs; EXT S-, prolonged 
extinction without performance of CRs (full extinction); DHS,, delayed HS presentation without prior conditioning; 
DHS, delayed HS presentation after prior conditioning. n, Number of cells. (See Results for F test of data and Table 2 
for analyses of within-cat differences in means.) 
n Magnitude of intracellularly applied depolarizing current, in nanoamperes, required to elicit spikes. 

Materials and Methods 
The present animals provided most of the data in the preceding article 
(cf. Table 1, below, versus Table 1 of Aou et al., 1992). The animals, 
which were initially naive to the procedures, were given adaptation and 
rapid conditioning sessions with click CS, tap US, and hypothalamic 
electrical stimulation (HS); for further details of behavioral protocols, 
placement of hypothalamic stimulating electrodes and histology, and 
patterns of unit activity elicited by CS and HS, please see Aou et al. 
(1992). [Also see Woody et al. (199 1) for evidence that rapid condi- 
tioning of cortical units can be accomplished by local ionophoretic 
application of glutamate, intracortically, in lieu of HS.] 

A detailed description of the methods used to obtain intracellular 
recordings from the pericruciate cortex of conscious cats was given in 
the preceding article (Aou et al., 1992; also see Woody and Black- 
Cleworth, 1973; Woody et al., 1984). The resistances ofglass recording 
electrodes filled with 3 M KC1 ranged from 15 to 40 MQ. Capacitance 
compensation of each electrode was adjusted after insertion into the 
cortex before intracellular penetration. The time constant of the elec- 
trodes was brief enough (co.5 msec) to be easily distinguished from 
that of penetrated cells. Membrane properties were analyzed in cells in 
which hyperpolarizing current was not needed to maintain stability. 
After penetrating each cell (and balancing the Wheatstone bridge to null 
electrode resistance), neuronal excitability was determined as the thresh- 

old level of current required to elicit spike activity using 20 msec de- 
polarizing current pulses. The satisfactory condition of the studied cells 
was indicated by the ability to obtain recordings ofactivity with patterns 
equivalent to those obtained from extracellularly recorded units (e.g., 
Fig. 2 of Aou et al., 1992) and by input resistances comparable to those 
obtained by other investigators from neurons of this region in com- 
parable preparations (Lux and Pollen, 1966; Kmjevic et al., 1971; Ba- 
ranyi et al., 1988; Berthier and Woody, 1988). Figure 1A shows an 
intracellular recording from a neuron of a conditioned cat in which 
spikes were produced at variable latencies with current pulses of 0.15 
and 0.3 nA (left) and then were produced at a relatively fixed latency 
after the onset of pulses of 0.5 nA (right). The value of current that 
repeatedly elicited spike activity at a relatively fixed latency during 50°Yo 
or more of the pulse applications was taken as the threshold current. 

After measurements of excitability were completed and rates of dis- 
charge returned to baseline levels, the RP was measured and, then, the 
apparent input resistance (&) was measured from the IR drops pro- 
duced by intracellular application of 1.0 nA hyperpolarizing current 
pulses of 150 msec duration (cf. Creutzfeldt et a!., 1964; Koike et al., 
1968; Purves, 1981; Stafstrom et al., 1984; Spam et al., 1987). Five 
measurements of R, during the period 20-50 msec after the beginning 
of the current pulses were used to calculate the average R, for each cell. 
Attempts were made to maintain bridge balance of the electrode resis- 
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did not arise from individual animal variability within a given 
= 1.22; p = 0.3). Within-animal com- 

parisons (Fig. 2) showed that levels of current required to elicit 
spike discharge were significantly lower after conditioning in 
four of six cats tested < 0.02, t test of data within animals 
before and after conditioning). Levels in the remaining two an- 
imals also decreased (Fig. 2, N and G; each p < 0.10). (All tests 

p IlnA of significance were two tailed unless otherwise specified.) 
- Extinction and performance of blink CR. Effects on neural 
1Oms excitability of prolonged extinction trials (without interspersed 

reconditioning) were studied as was the relationship between 
excitability and the ability to perform the blink CR. [In each 

!I i 20mV 
cat studied, excitability was measured prior to analysis of (i.e., 
without knowing) the level of retention of CRs.] After prolonged 
extinction sessions (mean, 350 trials; see Aou et al., 1992) with 

I 
continued performance of CRs (EXT S+; see Table l), neural 

.- 
-_=I__1 --- 

1nA excitability remained significantly increased (p < 0.001, t test 
z of difference between means) above levels found before acqui- 

sition of the CR (adaptation period) and above levels in animals 

1OOms 

Figure 1. A, Determination of excitability threshold of a cortical neu- 
ron with depolarizing current pulses. On the left are shown variable- 
latency spike potentials in response to intracellularly applied currents 
of 0.15 and 0.3 nA. At the right, a repeatable, fixed-latency spike re- 
sponse was observed to application of a current of 0.5 nA. Thresholds 
were taken as the lowest currents that produced such responses. B, 
Recordings from two neurons showing intracellular application of hy- 
perpolarizing current pulses used to determine input resistance. (Re- 
sponses to a depolarizing pulse are also shown.) In awake animals, 
spontaneous postsynaptic potential activity introduces noise into the 
baselines; therefore, measurements from five pulses per cell were made 
and averaged to reduce error. 

that underwent comparable periods of extinction (mean, 340 
trials) and did not continue to perform blink CRs (EXT S-). A 
summary of these results is shown in Table 2. 

tance during the recordings (Fig. l& right). When the electrode resis- 
tance component was imbalanced (e.g., Fig. l& left), we later made 
corrections for the imbalance when determining R,. Determinations of 
input resistance were made from film strips by a blind method in which 
the identity of the cell and the behavioral state of the animal were not 
known. 

Projections of cells were determined from spike-triggered averages of 
EMGactivity in orbicularis oculi and levator oris muscles as described 
in detail in an earlier studv (Woodv and Black-Cleworth. 1973). A cell 
was classified as projective;f‘EMG activity related to its spike discharges 
exceeded spontaneous baseline EMG activity. All classifications of mo- 
tor projection were done by blind analyses, as above. 

Results 
Intracellular recordings and tests of excitability with injections 
of depolarizing current pulses were made in a total of 602 neu- 
rons of the motor cortex of 10 awake cats (Table 1). Input 
resistance measured in 465 of these cells averaged 11.3 MQ. 
Resting potentials of these cells averaged 53.2 mV with action 
potentials of up to 83 mV in amplitude. 

Excitability after conditioning 
Levels of intracellularly applied depolarizing current required 
for spike initiation were measured before conditioning in 188 
cells (10 cats) and after conditioning in 171 separate cells (6 
cats) (Table 1). After conditioning, the mean level of current 
required to elicit spike discharge decreased from 0.96 f 0.49 
(SD) to 0.66 -t 0.40 nA. An ANOVA (Winer, 1971) of the ln- 
transformed data from the six conditioned cats found differences 
in the levels of currents between the naive and conditioned 
behavioral states (F,, 262 = 26.4; p < 0.0001). These differences 

Backward conditioning. Backward conditioning (DHS, and 
DHS,; see Table 1) was less effective than forward conditioning 
(COND) in inducing changes in neural excitability (p < 0.03, 
Fisher test of mean excitability by cat, Table 1, all cats). None 
of the within-animal comparisons made in four cats (two DHS, 
and two DHS,; cat G of the DHS, group was excluded due to 
too few cells) showed significant changes from the naive (ADP) 
baseline levels of currents required to produce spike discharge 
(see Table 1). 

Extinction-reconditioning. Comparison of data from the first 
five and last five cells recorded in each conditioned animal 
showed no differences in the degree of increase in excitability 
as a function of the amount of reconditioning (means for ad- 
aptation: first five, 1 .O nA, last five, 1.1 nA, conditioning: first 
five, 0.7 nA, last five, 0.6 nA). Equally significant increases in 
excitability were found within conditioned animals (G, I, H, A, 
Table 1) from which small numbers of cells were recorded as 
compared to animals in which larger numbers of cells were 
recorded (with greater numbers of extinction-reconditioning tri- 
als). These data indicated that the increases in excitability oc- 
curred rapidly, being detectable in the earliest measurements 
made after conditioning. 

Excitability versus R, and RP after conditioning 
Excitability to intracellularly applied depolarizing current (EXC, 
Fig. 2), R,, and RP were compared as a function of conditioning 
and other behavioral states (Fig. 2, Table 2). The findings sug- 
gested that the increases in excitability and R, after conditioning 
were interrelated. This was tested by measuring correlation co- 
efficients between these variables in single cells. An inverse cor- 
relation was found between levels of threshold currents and R,. 
The Pearson correlation coefficients (r) between measurements 
of these variables in single cells during adaptation and condi- 
tioning were -0.25 (t = 1.65; p < 0.10) and -0.31 (t = 2.01; 
p < 0.05) respectively. 

The most robust increases in R, occurred after conditioning, 
relative to other behavioral states. Analysis of differences in 
mean values of R, (from averages of cells for each cat) revealed 
an increase of R, averaging 2.0 MQ (20% increase above ad- 
aptation baseline; p < 0.05, matched t test of difference of means 
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EXC. 

CHANGE IN NEURONAL MEMBRANE PROPERTIES BY CAT, 
AFTER CONDITIONING 

nA H A I F N G 
X (ADPI 

RN 

.O 

-.3 

-.6 l--F - *** 

T 
- 

- 

.96nA 

10 Ma 

mV 

RP 
31 

-31 

-54mV 

within cats) after conditioning (COND, Table 2). There was also 
a tendency for R, to be increased in cats given backward con- 
ditioning following adaptation (DHS,, Table 2). 

Comparisons made within each animal (Fig. 2) showed that 
five of six cats had a higher mean R, after conditioning than 
before. A significant increase in R, after conditioning was found 
by within animal tests in one cat (cat A, Fig. 2) but not by F 
test across cats (F,, 224 = 1.78; p = 0.18). The cat that showed a 
decrease in mean R, after conditioning showed the smallest 
increase in excitability (cat G, Fig. 2). This cat also showed the 
least discriminative CRs. 

RPs did not change significantly after conditioning (Table 2, 
Fig. 2). Figure 3 compares the distributions of RP, R,, and action 
potentials for adaptation and conditioning. (The sizes of action 
potentials were measured for use as an index of possible sam- 
pling bias or cell injury.) The distributions of action potentials 
as well as RPs were no different before and after conditioning, 
but the distributions of R, shifted toward higher values after 
conditioning (Fig. 3, bottom). 

In animals given backward conditioning after previous con- 
ditioning of blink responses (Table 2, DHS,), RP became more 
positive relative to that during adaptation. This change was 
associated with an increased rate of spontaneous firing (cf. Aou 
et al., 1992, their Fig. 6, DHS,). [Changes in mean RP in the 
EXT S+ state (Table 2) were not uniform among individual cats, 
and levels of spontaneous firing in that state did not differ sig- 
nificantly from the level during adaptation.] 

Efects of conditioning on firing patterns and neural 
excitability within individual cats 
Histogram averages of spike activity showed changes in neu- 
ronal firing patterns as a function of conditioning both across 
cats (e.g., Fig. 3 of Aou et al., 1992) and within individual 
animals (Fig. 4). In Figure 4, histogram averages of spike activity 
obtained individually from four cats during adaptation and con- 
ditioning are compared with averages of concurrent myographic 

Figure 2. Differences between adap- 
tation and conditioned states in mean 
values of excitability @XC’), input re- 
sistance (R,), and resting potential (RP) 
obtained within each of six cats. Thin 
vertical bars show SEM. Letters identify 
cats as in Table 1. After conditioning, 
excitability increased and less current 
was required for spike initiation (t 5 
0.05; * 5 0.025, ** 5 0.01, *** 5 0.001, 
one-tailed values of p); means for ad- 
aptation [x (ADP)] are as shown. 

recordings (orbicularis oculi muscles) of the associated eye blink 
behavior. After conditioning, peaks of discharge elicited by the 
CS became larger than during adaptation and preceded rather 
than followed production of related components of the CR. 
Increases in neural excitability accompanied the enhancement 
of unit activity in each animal. 

Membrane properties as a function of latency and magnitude 
of response to CS 

Latency. Intracellularly recorded units from the animals of Fig- 
ure 2 were divided into four groups according to the peak latency 
of spike activity elicited by the CS (Fig. 5). When levels of 
excitability after conditioning were compared with those during 
adaptation, excitability increases were found supporting in- 
creased spike activity at (Y, (8-40 msec; p < 0.05), cyz (40-72 
msec; p < 0.01) p (72-l 12 msec; p < 0.10) and y (112-160 

Table 2. Differences between adaptation and other behavioral states 
in levels of mean excitability (EXC), input resistance (RN), and RP 

Behavioral 
state EXC (nA) & (MQ) RP (mV) 

CR not performed: 
EXT S- -0.07 * 0.05 0.6 + 0.6 -1.6 + 1.3 

DHS, -0.11 k 0.06 1.4 k 0.7 2.3 k 1.4 

CR performed: 
COND -0.28 + 0.03* 2.0 + 0.5* 0.1 k 0.8 
EXT S’ -0.21 f  0.04* 0.2 + 0.1 5.9 ? 1.7* 

CR reduced: 
DHSp -0.13 * 0.07 -0.4 LiI 0.9 9.1 + 2.2* 

Data are expressed as means -t SD. Definitions of behavioral states are as in 
Table 1. 
a Backward conditioning; some earlier conditioned responses still performed. 

* p < 0.05 versus adaptation (Student’s analysis ofwithin-cat difference of means). 
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0 Adaptat ion 

I I Conditioning 

0 N=91 
I N=l25 

35 4-5 55. 65 75 

Resting Potential (mV) 

25 

0 N=107 

55 65 75 

Action Potential (mV) 

25 1 l-l 

Input Resistance 1 MSZ) 

Figure 3. Distributions of RPs, action potentials, and input resistances 
measured during adaptation and conditioned states. N, Number of cells. 
Bars are placed between the ranges of data they represent, for example, 
resting potentials of 45-50 mV, and so on. 

Table 3. Cells classified by level of excitability and magnitade of 
response to CS 

Behavioral Excitability CS response 

state WY <2z 2-32 >3z Total 

ADP CO.7 1 3 4 8 
>0.7 8 12 19 39 

Total number of cells 9 15 23 47 

COND co.7 3 7 22* 32* 
20.7 3 6 10 19 

Total number of cells 6 13 32 51 

Definitions of behavioral states are as in Table I; magnitude of response to CS is 
referred to as the number of Z above the pre-CS (spontaneous) baseline firing rate 
(see text for further details). 
a Magnitude of intracellularly applied depolarizing current, in nanoamperes, re- 
quired to elicit spikes. 
*, p < 0.01 (x2 test comparison between adaptation and conditioned state). 

msec; p < 0.05) latencies after delivery of the CS (see Aou et 
al., 1992). The proportion of cells with high excitability (x0.7 
nA required for spike elicitation) was increased at each latency 
period after conditioning [53%, 8 l%, 57%, 60% (conditioning) 
vs. 16%, 27%, 25%, 0% (adaptation), respectively]. Increases in 
later components of spike discharge were also found in the cells 
with increases in earlier response components (see Aou et al., 
1992, their Figs. 2 and 5). 

Magnitude. Cells were classified according to their ability to 
respond to the CS. The level of excitability of 96 cells measured 
during adaptation or conditioning (two additional cells not in- 
cluded because response was > 15Z above background or 
threshold current was >3.0 nA) was correlated with the mag- 
nitude of discharge in response to the CS (r = -0.264, p < 
0.01). Cells with higher levels of discharge in response to the 
CS required lower threshold levels of injected current for spike 
generation than cells with smaller responses to the CS during 
adaptation as well as conditioning. 

Although an increased excitability was found with behavioral 
states in which the CR was performed, the degree of increase 
in excitability after conditioning was much the same in CS- 
responsive (122) cells as in “unresponsive” (~22) cells (Fig. 
6). However, the number of cells with a magnitude of response 
>3Z above baseline activity and a high magnitude of excit- 
ability (co.7 nA required for spike generation) was greatly in- 
creased after conditioning relative to adaptation (Table 3; x2, p 
< 0.01). Thus, a major consequence of conditioning was an 
increase in the population of highly excitable C&responsive 
cells. 

Although low levels of threshold current (the measure of ex- 
citability) were correlated with high values of R, over the entire 
cell population, this correlation was not maintained in cells with 
a high magnitude of response to the CS. The R, of cells with 
response to the CS > 32 above the magnitude ofbaseline activity 
was slightly reduced after conditioning (Fig. 6, middle right). 

Membrane properties andJiring patterns as a function of 
motor projection 

Membrane properties were studied as a function of the motor 
projection of the cells (Fig. 7). A cell was classified as eye pro- 
jective (or nose projective) if EMG activity recorded from the 
orbicularis oculi muscles (or levator oris muscles) was related 
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UNITS 46 

24 

Y  
-- 0 
2 * 
t) 48 Figure 4. Histograms of unit activity 

(solid bars) and associated EMG activ- 
24 

:I 

COND ity from left orbicularis oculi muscles 
0 0 (open bars) obtained from four cats (F, 

H, N, G) before conditionine (ADP) and 
EMG 5oo 

250 
ADP 

COND 

after cenditioning (CONDi ‘Times of 
delivery of click CS are shown by ver- 
tical arrows. Diagonal arrows designate 
increased spike response to CS after 
conditioning. Broken lines are mean 
baseline levels of activity in the 380 
msec period prior to CS delivery. (Fur- 
ther details as in Aou et al., 1992.) The 

’ I ’ I 
160 corresponding measurements of excit- 

ability thresholds (nA) of these cells are 
shown at right of histograms. 

500 

250 

0 
0 160 0 160 0 160 

ms 

to its spike discharge and exceeded baseline EMG activity (see 
Materials and Methods). A cell was classified as “both” projec- 
tive if EMG activity recorded from both orbicularis oculi mus- 
cles and levator oris muscles was increased. Cells of the afore- 
mentioned classifications constituted the “projective” group of 
cells, identified as projecting, polysynaptically, to facial mus- 
culature. The remaining cells were classified as “unprojective” 
even though they may have projected to other muscles. 

The proportion of projective and unprojective cells (42% and 
58%, respectively; adaptation) remained essentially unchanged 
after conditioning (47% and 53%, respectively). The proportion 
of CS-responsive cells (including those with high excitability) 
increased from 43% to 73% among projective cells after con- 
ditioning, but not (54% to 48%) among unprojective cells (dif- 
ference in numbers of cells: x2, p < 0.01). Excitability increases 
occurred after conditioning in each group of cells irrespective 
of motor projection (Fig. 7, top). 

nA 
1.5 

1.0 

0.5 

0 1 i 

8-40ms 40-72 ms 72-ii2ms ii2-160ms 

Peak Latency Period of Unit Response 

Figure 5. Differences before (open bars, ADP) and after (shaded bars, 
COND) conditioning in mean excitability of neurons classified by la- 
tency of peak spike response to CS. (Excitability is defined by nanoam- 
Peres of depolarizing current required to produce spiking.) Thin vertical 
bars show SEM. Numbers of cells tested (ADP and COND, respec- 
tively)-840 msec: 19, 15; 40-72 msec: 11, 16; 72-l 12 msec: 8, 14; 

The eye-projective cells of the conditioned animals (see Fig. 
7, middle) had the highest mean R, of any group of cells clas- 
sified by motor projection or CS receptivity, and the activity of 
these cells in response to click CS increased markedly after 

nA 1.4 (9) 

EXC 
1.0 

*. (23) 
P 

8 

<2t 2t-3t 3t-c 

CS - Response 

Figure 6. Excitability (EXC), input resistance (RN), and RP as a func- 
tion of CS responsiveness. (These variables are defined as in previous 
figures and text: ~22, cells that showed ~22 increase in discharge to 
the CS above baseline activity; 22-32, cells that showed 22 to 32 
increase in discharge; >3Z, cells that showed >3Z increase in dis- 
charge.) Open circles, before conditioning; solid circles, after condition- 
ing. Numbers in parentheses indicate number of cells tested. Vertical 

112-160 msec: 7, 5. bars are SEM. 
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nA1.l - 

MR 13- (25) 

12 - 

RN 
ii - 

10 - 

“V 

EYE BOTH NOSE UNPROJ 

Motor Projection 

Figure 7. Excitability (EXC), input resistance (R,), and RP as a func- 
tion of motor projection. EYE, eye-projective cells; BOTH, both eye- 
and nose-projective cells; NOSE, nose-projective cells; UNPROJ, non- 
projective cells. Open circles, before conditioning; solid circles, after 
conditioning. Numbers in parentheses indicate number of cells tested. 
Vertical bars are SEM. 

conditioning (Fig. 8). Cells of other facial motor projection did 
not show increases in R, after conditioning (Fig. 7); the unpro- 
jective cells showed an increase in R,. Mean RP did not change 
as a function of motor projection after conditioning (Fig. 7, 
bottom). 

Discussion 
Excitability increases after conditioning 
Our results provide evidence that increases in excitability to 
depolarizing current pulses occur in neurons of the motor cortex 
of cats following rapidly acquired Pavlovian conditioned blink- 
ing. Measurements of excitability and other neuronal membrane 
properties have not previously been made after conditioning in 
animals with rapidly acquired blink responses. Rapid acquisi- 
tion of the CR permitted measurement of membrane properties 
in the same animals before and after conditioning. After con- 
ditioning, the mean level of depolarizing current required to 
elicit spiking decreased in each animal studied (Fig. 2). 

Relationship of excitability increase to order of stimulus pre- 
sentation and performance of CR. The increases in neural ex- 
citability depended on the order of stimulus pairing. Forward 
pairing of HS with click CS and tap US led to development of 
conditioned eye blink responses and greater increases in excit- 
ability. Excitability was also related to the degree of retention 
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Figure 8. Histogram averages of spike activity of units separated ac- 
cording to motor projection (see text). (Eye-projective units had spike- 
synchronized EMG activity elicited in left orbicularis oculi muscles.) 
ADP, adaptation, before conditioning; COND, after conditioning. Other 
labeling is as in Figure 4. 

of performance of blink CRs. Increases in excitability above 
naive levels were found after periods of prolonged extinction 
when the CR was retained (EXT S+). [Cells of cats given com- 
parable numbers of extinction trials with loss or substantial 
reduction of performance of CRs (EST S-) showed levels of 
excitability nearer those of the naive state (Table 2).] These 
findings support the conclusion that the increased excitability 
of these cells helped promote elaboration of the conditioned 
response. 

Possible mechanisms underlying increased excitability. Sev- 
eral biophysical mechanisms might produce an increased post- 
synaptic neuronal excitability: (1) a decrease in the critical firing 
threshold for eliciting spike potentials, (2) a depolarization of 
the level of RP, (3) an increase in R, causing a change in cable 
spread of postsynaptic potentials (Woody and Black-Cleworth, 
1973) and (4) a change in a transient current that was activated 
by depolarization (Alkon, 1979, 1984; Rudy, 1988; Woody et 
al., 1991). 

Our data allow inferences to be drawn about the likelihood 
of operation ofsome of the above mechanisms, though not about 
other mechanisms presynaptic to these cells (e.g., Kandel and 
Schwartz, 1982; Bliss et al., 1986). [E.g., presynaptic mecha- 
nisms could explain a selectively increased response to the CS 
(relative to the response to the DS) in the cells classified as 
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responsive to both CS and DS after conditioning (see Aou et 
al., 1992, their Fig. 8). Alternatively, those cells had an increased 
postsynaptic excitability after conditioning (mean 0.8 nA, con- 
ditioning, vs. 1.2 nA, adaptation) and could have had a selective 
increase in postsynaptic conductances nearby synapses activated 
by the CS (Barrionuevo et al., 1986; Malenka et al., 1986; Baran- 
yi and Szente, 1987).] 

It was unlikely that a change in RP or critical firing threshold 
was the mechanism responsible for the increased neuronal ex- 
citability because no significant differences in RP or spontaneous 
firing rate were found between adaptation and conditioning states. 
Depolarization of the RP may have explained the increased rates 
of spontaneous firing after backward conditioning (Aou et al., 
1992, their Fig. 6, DHS,). Changes in afterhyperpolarizations 
(AHPs) have been reported after conditioning (Sanchez-Andres 
and Alkon, 199 1; cf. Alkon, 1979) and after HS (Aou et al., 
1988) but in the present study, there were insufficient cells with 
AHPs to determine if there were changes in this variable. 

Earlier evidence has suggested that increases in apparent R, 
occur to support conditioning in cats (Woody and Black-Cle- 
worth, 1973; Brons and Woody, 1980; Matsumura and Woody, 
1986) and other genera (Woolacott and Hoyle, 1976; Alkon, 
1979). Increases in excitability and input resistance measured 
by depolarizing pulses in cells of the motor cortex of cats have 
been hypothesized to support the specificity of performance of 
the CR (Woody and Engel, 1972, Woody and Black-Cleworth, 
1973; Brons and Woody, 1980). In the present study, increased 
R, was significantly correlated with increased excitability. 
Therefore, an increase in R, could have been one mechanism 
supporting the excitability increase after conditioning. Increases 
in R, however, were less robust than the changes in excitability 
after conditioning. This could be because some changes in R, 
were orthogonal to the changes in excitability or because estab- 
lishment of changes in R, is difficult since R, varies with the 
size of cell, the locus of the cell penetrated (soma vs dendrites), 
and the degree of activated membrane conductances. The in- 
creases in R, were also less dependent on a forward order of 
stimulus pairing and were less well related to the ability to 
perform blink CRs than were the increases in neural excitability 
(Table 2). 

Role of motor cortex in short- and long-latency conditioned 
blinking 
Analysis of unit activity and excitability by latency of unit re- 
sponse to the CS suggested that long- as well as short-latency 
conditioned blinking was mediated by cells of the motor cortex. 
The motor cortex has been shown to be necessary and (with its 
descending projections) sufficient for the production of short- 
latency blink CRs (Woody and Brozek, 1969; Woody and Ya- 
rowsky, 1972; Woody et al., 1974). 

Excitability increase in short- and long-latency C&responsive 
cells. Excitability increases were found that supported increased 
spike activity at (Y, (840 msec), 01~ (40-72 msec), fi (72-l 12 
msec), and y (112-160 msec) latencies after delivery of the CS 
(see Fig. 5 and Aou et al., 1992), and the proportion of cells 
that were highly responsive to the CS increased at each latency 
after conditioning. Given a conduction delay of 7-8 msec be- 
tween the motor cortex and the periphery (Woody et al., 1970; 
Woody and Yarowsky, 1972) these latencies of spike activation 
would support initiation of each component of the compound 
blink CR. The later components of the CR were additionally 
supported by increases in late components of activity in the 

same cells that showed increases in excitability and enhance- 
ment of earlier components of CS-elicited activity after condi- 
tioning (see Aou et al., 1992). 

Slow and rapid conditioning and sensitization 

The increases in activity and neural excitability after rapid eye 
blink conditioning resembled earlier findings (Woody and Black- 
Cleworth, 1973; Brons and Woody, 1980) after acquisition of 
a slowly developing blink CR using the same click CS and tap 
US without addition of HS. Specifically referable to conditioning 
were the increases in the proportion of CS-excitable cells and 
the magnitude of excitability and CS-evoked activity. It seems 
noteworthy that comparable changes in unit activity and excit- 
ability can be found after two conditioning procedures in which 
the rate of conditioning differs by almost 2 orders of magnitude. 

The possibility should be considered that similar mechanisms 
involving increased neural excitability underlie both rapidly and 
slowly acquired forms of eye blink conditioning and that, by 
decreasing the time required for the excitability increases to 
occur, the conditioning process may be accelerated. Sensitiza- 
tion occurs in early stages of rapid conditioning (Rim et al., 
1983; Woody et al., 1983) and could play a role in accelerating 
development of the CR. Both CS-responsive and -unresponsive 
cells showed an increased excitability as soon after rapid con- 
ditioning as excitability could be tested (Fig. 6). These increases 
occurred rapidly and, as described earlier, were equivalent in 
magnitude early (first five cells) and late (last five cells) after 
(initial) conditioning. The smaller increases were nonspecific 
with respect to receptivity of the cells to CS and DS and were 
thus attributable to nonspecific effects of sensitization manifest 
in early conditioning trials. They could easily have been the 
forerunners of the larger and more CS-specific increases in ex- 
citability that supported the ability to discriminate the CS from 
the DS when performing the conditioned blink movement. 

Mechanisms supporting enhanced response to the CS 

Overall, the greater the excitability of units of the motor cortex 
to depolarizing current, the larger was the magnitude of their 
response to the CS (Fig. 6). When we examined the group of 
highly excitable cells (co.7 nA of threshold current), an increase 
in the number of such cells was found after conditioning among 
the population of CS-responsive cells (Table 3). Specific effects 
of conditioning on excitability that led to enhancement of spike 
activity and production of the CR in response to the CS were 
expressed as a change in the proportion of this group of cells. 
[As noted elsewhere (Aou et al., 1992), the overall population 
of CS-responsive cells also increased after conditioning.] 

Since the highly excitable CS-responsive cells did not have 
an increased R, after conditioning, a mechanism other than 
increased postsynaptic resistance measured by hyperpolarizing 
pulses must have contributed to their increased excitability and 
magnitude of discharge. This mechanism, as yet unidentified, 
increased the postsynaptic response to depolarizing potentials 
and increased the efficacy of transmission of the CS without 
producing a change in RP, spontaneous firing rate, or steady 
state R,. A reduction in a rapidly activated, transient component 
of an outward potassium current such as the A-current (Alkon, 
1979; Woody et al., 1989, 199 1) would satisfy such observa- 
tions. Recent observations indicate that the A-current may be 
activated at the resting potential of hippocampal neurons (Saint 
et al., 1990). (An increase in an activated sodium current might 
also have increased excitability but would likely have increased 
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spontaneous firing due to the positive equilibrium potential of 
sodium.) 

Mechanisms supporting production of the CR 

The proportion of projective and unprojective cells remained 
unchanged after conditioning; however, the proportion of CS- 
responsive cells (including those with high excitability) in- 
creased among motor-projective cells (from 43% to 73%) but 
not among unprojective cells. Thus, an additional cellular mech- 
anism supporting development of the CR appeared to be ex- 
pressed as a change in the proportion of CS-responsive, motor- 
projective cells. 

Substantial increases in short-latency, CS evoked activity were 
found after conditioning in units that projected, polysynapti- 
tally, to the eye muscles involved with production of the con- 
ditioned eye blink movement (Fig. 8), and the highest values of 
R, were found in these eye-projective cells after conditioning. 
[Although the number of cells was too small to confirm a sig- 
nificant increase in R, relative to adaptation, the mean value 
of R, in this group (Fig. 7) was higher than that in the numer- 
ically larger group of “unprojective” cells in which a significant 
increase in R, was found after conditioning.] HS produced ab- 
dominal muscle contractions as well as facial (blink) move- 
ments. Both the increased R, in the “unprojective” cells and 
the more broadly increased neural excitability (Fig. 7) may be 
attributable to the addition of HS to the tap US with the pro- 
duction of unconditioned motor responses in muscles besides 
those involved with eye blink. Since local ionophoretic appli- 
cation of glutamate can be used in lieu of HS to produce con- 
ditioning of cortical units (Woody et al., 1991), the activation 
of nonspecific neuromodulatory pathways may also have con- 
tributed to the less specific changes in excitability of motor- 
projective cells found here versus those found in earlier studies 
of conditioning without HS (Woody and Engel, 1972). 

Specific features of conditioning, such as the discriminative 
response to the CS and production of the blink CR, appeared 
to be supported by increases in the number of highly excitable 
CS-responsive cells, in the number of CS-responsive motor- 
projective cells, and by an increased R, in eye-projective cells. 
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