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Developmental Changes in Eye-Blink Conditioning and Neuronal

Activity in the Inferior Olive

Daniel A. Nicholson and John H. Freeman Jr

Department of Psychology, University of lowa, lowa City, lowa 52242

Neuronal activity was recorded in the dorsal accessory inferior
olive in infant rats during classical conditioning of the eye-blink
response. The percentage and amplitude of eye-blink condi-
tioned responses (CRs) increased as a function of age. The
magnitude of the neuronal response to the unconditioned stim-
ulus (US) decreased with age. There were also age-specific
modifications of US-elicited inferior olive neuronal activity during
paired trials in which a conditioned eye-blink response was
performed. The results indicate that the development of the

conditioned eye-blink response may depend on dynamic inter-
actions between multiple developmental processes within the
eye-blink circuitry. Differences in the functional maturity of olivo-
cerebellar pathways may limit the induction of plasticity in the
cerebellum and thereby limit the development of eye-blink con-
ditioned responses.
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Much is known regarding the developmental changes in the neu-
rophysiological mechanisms of learning in Aplysia californica
(Carew, 1989; Marcus and Carew, 1998), but there have been few
neurophysiological studies of learning in developing mammals
(Freeman and Nicholson, 2000). Most of what is known about the
time course of mammalian developmental changes in learning and
neural function comes from correlations between the ontogeny of
particular learned responses and the progression of anatomical
maturation of the neural systems underlying these learned re-
sponses in adults (Green and Stanton, 1989; Diamond, 1990; Free-
man and Stanton, 1991; Rudy, 1992; Stanton et al., 1992; Hunt and
Campbell, 1997; Stanton, 2000). Elucidation of the specific devel-
opmental mechanisms of learning will require the use of various
neurophysiological techniques and consideration of the dynamic
interactions between multiple developmental processes within a
well characterized neural circuit (Freeman and Nicholson, 2000;
Stanton, 2000).

Studying the classically conditioned eye-blink response in infant
rats provides a unique opportunity to examine the relationship
between the neural maturation of an extensively characterized
neural circuit (Lavond et al., 1993; Thompson and Krupa, 1994;
Steinmetz, 1998) and the ontogeny of associative learning (Stanton
et al., 1992; Stanton and Freeman, 1999; Stanton, 2000). The
parameters that influence the rate and strength of eye-blink con-
ditioning have also been characterized extensively, which facilitates
both the design of experiments and the interpretation of results
(Gormezano et al., 1962, 1983; Gormezano, 1966).

The cerebellum, the pontine nuclei, and the inferior olive are
essential components of the neural circuitry underlying the eye-
blink conditioned response (CR) in adult organisms (Lavond et al.,
1993; Thompson and Krupa, 1994; Steinmetz, 1998). Electrophys-
iological analyses found that the inferior olive responds most reli-
ably to stimuli that are commonly used as unconditioned stimuli in
eye-blink conditioning, such as air puffs, taps, and shocks (Arm-
strong et al., 1968; Armstrong, 1974; Gellman et al., 1983; Sears
and Steinmetz, 1991; Weiss et al., 1993). Lesions of the dorsal
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accessory inferior olive impair retention and acquisition of the
eye-blink CR (McCormick et al., 1985; Yeo et al., 1986; Mintz et
al., 1994). Furthermore, it has been demonstrated using lesions,
electrical stimulation, and pharmacology that the climbing fibers
from the inferior olive to the cerebellum provide the necessary and
sufficient US information to support learning of the eye-blink CR
(McCormick et al., 1985; Mauk et al., 1986; Steinmetz et al., 1989;
Harvey and Romano, 1993; Du and Harvey, 1997). The olivo-
cerebellar system has also been implicated as a critical component
in adaptation of the vestibulo-ocular reflex (Ito, 1984; Raymond et
al., 1996) and load compensation (Gilbert and Thach, 1977; Thach
et al., 1992).

Developmental changes within the olivo-cerebellar circuit (Cre-
pel, 1971, 1972, 1974; Altman, 1972; Berry and Bradley, 1976, 1982;
Gardette et al., 1985) could play a pivotal role in the ontogeny of
eye-blink conditioning. Freeman and Nicholson (2000) found an
age-related increase in neuronal activity in the cerebellar interposi-
tus nucleus after the onset of the conditioned and unconditioned
stimuli during eye-blink conditioning in infant rats. It was proposed
that the weaker response in the interpositus neurons to the US in
younger rats might affect the rate and strength of eye-blink condi-
tioning by limiting the induction of cerebellar neuronal plasticity.

This report describes the results of an examination of stimulus-
evoked and learning-related modifications of neuronal activity in
the dorsal accessory inferior olive (the US pathway) of infant rats
during eye-blink conditioning and US-alone trials.

MATERIALS AND METHODS

Subjects. The subjects were 12 Long-Evans rat pups trained on either
postnatal day (PND) 17-18 (n = 6) or PND24-25 (n = 6). The electrode
assembly of one PND17-18 rat pup was damaged between the pretraining
session and the first session of paired training, and one PND17-18 did not
receive US-alone trials during the first session of paired training. The rats
were housed in the animal colony in Spence Laboratories at the University
of Iowa. The rats were maintained on a 12 hr light/dark photoperiod, with
light onset at 6:30 A.M.

Surgery. The rat pups were given intraperitoneal injections of ketamine
(60 mg/kg) and xylazine (7.5 mg/kg) for anesthesia. The rat’s head was
positioned in an infant stereotaxic head holder and aligned in three planes,
to bring it into the orientation required for placement of the electrodes.
The rats were fitted with differential EMG electrodes that were implanted
in the left eyelid muscle (orbicularis oculi) and a ground electrode was
attached to a stainless steel skull hook. The EMG electrode leads termi-
nated in gold pins in a plastic connector, which was secured to the skull
with dental acrylic. A bipolar stimulating electrode (for delivering the
shock US) was implanted subdermally, immediately caudal to the left eye.
The bipolar electrode terminated in a plastic connector that was secured to
the skull by dental acrylic.

A bundle of eight insulated stainless steel electrodes (25 um) was
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implanted in the right dorsal accessory inferior olive (DAO) of each rat
under electrophysiological and stereotaxic guidance. The stereotaxic
coordinates for the DAO were taken from lambda (PND16: anterior—
posterior (AP) = —2.1 mm, medial-lateral (ML) = 0-0.5 mm, and
dorsal-ventral (DV) = —8.8 mm; PND23: AP = —2.4 mm, ML = —0.4
mm, DV = —9.3). While the electrode was lowered to the inferior olive,
the cerebellar cortex and cerebellar deep nuclei could be identified by their
characteristic neuronal firing patterns. The inferior olive was ~4-4.5 mm
ventral to the cerebellar deep nuclei and was identified by its characteristic
low-frequency discharge of single action potentials occasionally followed
by bursts of two to five smaller “wavelets” with a total duration ranging
from 3 to ~10 msec (Armstrong and Harvey, 1968; Armstrong et al., 1968;
Crill, 1970; Llinas et al., 1974; Headley and Lodge, 1976; Gellman et al.,
1983; Sears and Steinmetz, 1991; Weiss et al., 1993). The electrodes were
held in place by a microelectrode connector and dental acrylic applied to
the skull. The surgical site was closed with sutures on both sides of the
electrode plug. The connectors for the EMG electrodes, bipolar stimulat-
ing electrode, and microwire electrodes were connected to lightweight
cables that allowed the rats to move freely during conditioning.

Identification of inferior olive neurons. While the electrode was lowered to
the inferior olive, the neuronal activity was monitored to recognize its
characteristic firing pattern (Armstrong et al., 1968; Armstrong and Har-
vey, 1968; Crill, 1970; Llinas et al.,, 1974; Headley and Lodge, 1976;
Gellman et al., 1983; Sears and Steinmetz, 1991; Weiss et al., 1993), which
has been likened to “popcorn popping” (Gellman et al., 1983). Waveforms
could be isolated and overlaid on the digital oscilloscope to display the
consistent shape of the olivary neuronal potential, occasionally followed by
variable wavelets. Rarely (one PND17-18 rat and two PND24-25), lem-
niscal fiber potentials were encountered and were easily distinguished from
inferior olive neurons by their very short duration action potentials, which
were never followed by small wavelets and often were of greater amplitude
than inferior olive neurons (Crill, 1970). Moreover, the lemniscal fiber
potentials were usually only transiently present during surgery. In contrast,
the activity of identified DAO neurons was generally present throughout
training.

Conditioning apparatus. The conditioning apparatus consisted of an
electrically shielded small-animal sound attenuation chamber (BRS/LVE,
Laurel, MD). Within the sound attenuation chamber was a small-animal
operant chamber (BRS/LVE) where the rats were kept during condition-
ing. One wall of the operant chamber was fitted with two speakers that
independently produced tones of up to 130 db sound pressure level (SPL),
with a frequency range of ~1000-9000 Hz. The back wall of the sound
attenuating chamber was equipped with a small light. The electrode leads
from the rat’s headstage were connected to peripheral equipment and a
Pentium computer. Computer software controlled the delivery of stimuli
and the recording of eyelid EMG activity. EMG activity was recorded
differentially, filtered, amplified, and integrated by equipment that was
described in previous studies (Stanton et al., 1992; Freeman et al., 1995a,b;
Freeman and Nicholson, 2000).

Conditioning procedure. The rat pups received training sessions that
consisted of 100 trials each. Three sessions were run for each day of
training, at ~4 hr intervals. During the first training session, the rats were
given unpaired presentations of a tone conditioned stimulus (CS) (2.0 kHz,
300 msec, 85 dB SPL) and a periorbital shock US (6 msec, 4 mA). The rats
were then given five training sessions, which consisted of 90 paired pre-
sentations of the tone conditioned stimulus and the shock unconditioned
stimulus, followed by 10 US-alone trials. In the paired condition, training
sessions consisted of nine blocks of 10 trials of delay conditioning. Of
these, nine trials involved pairings of the auditory CS and a 6 msec
periorbital-shock US, and one trial involved the pairing of the auditory CS
and a 1 msec periorbital-shock US. The CS coterminated with the 1 and 6
msec US, yielding interstimulus intervals of 299 and 294 msec, respectively.
Interspersed among the 10 US-alone trials were five trials each involving
the 1 msec US and the 6 msec US. Implementing the 1 msec US paired
trials provided the opportunity to assess the US-elicited activity of the
DAO neurons at their shortest possible latency (~8-9 msec) (Armstrong
et al., 1968; Armstrong, 1974; Crill, 1970; Cook and Wiesendanger, 1976).
Trials were separated by a variable intertrial interval that averaged 30 sec
(range = 18-42 sec). CRs were defined as responses that crossed a
threshold of 0.4 units (amplified and integrated arbitrary units) above
baseline during the CS period after 80 msec. Behavioral data were exam-
ined from computer records of EMG responses. Previous studies have
shown that the paired training protocol used in this study established
associative eye-blink CRs (Stanton et al., 1992; Freeman et al., 1993).

Stimulation procedure. A subset of rats at each age (n = 2 per group)
was given electrical stimulation through the recording electrodes. The
stimulating current was a single 50 usec pulse starting at 5 wA and steadily
incremented in 10 pA current steps until EMG responses or movements
could be detected, or until 1500 pA. Eyelid EMG responses were ampli-
fied, filtered, and recorded for off-line analysis. Movements of other body
parts were observed visually.

Neuronal recording procedure. The activity of each microwire electrode
was initially passed through a unity gain JFET preamplifier (NB Labs,
Denison, TX). The outputs of the JFET preamplifier were fed into an
eight-channel programmable amplifier (Lynx-8), filtered between 300 and
6000 Hz, and amplified at a gain of 10,000. The outputs of the amplifiers
were fed into a computer-controlled acquisition system at 20 kHz per
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Figure 1. Mean (=SEM) percentage of conditioned responses from infant

rats trained on PND17-18 (@) and PND24-25 (O) across the five sessions
of paired training (*significant group differences).

channel (Datawave Technologies, Workbench-32), where thresholding was
used to detect and extract waveforms of units with signal-to-noise ratios of
at least 3:1. The waveforms were saved as separate 32 point data chunks.
Two voltage thresholds were used. Waveforms that crossed the lower
threshold but did not cross the upper threshold within the 32 sample points
were recorded to computer disk. The multiple unit records were then
separated using custom software. This software displays all of the wave-
forms that were recorded during a particular data collection period (usu-
ally a training session). The user may examine any individual spike wave-
form that was recorded during the training session. A template-matching
program was used to identify all of the spikes with similar waveform
characteristics. This technique effectively isolated single units from mul-
tiunit records (Freeman and Nicholson, 1999, 2000).

Data analysis. The behavioral data were examined for each training
session. Repeated measures ANOVAs were performed for the CR per-
centage, CR amplitude, CR latency, unconditioned response (UR) per-
centage, and UR amplitude.

Peristimulus-time histograms of the firing rates of each unit were cre-
ated for the entire period of the conditioning trials (1 sec) for the pre-
training, first, and fifth training sessions. It was expected that most units in
the DAO would fire action potentials in response to the US (Armstrong et
al., 1968; Crill, 1970; Armstrong, 1974; Cook and Wiesendanger, 1976;
Gellman et al., 1983, 1985; Sears and Steinmetz, 1991; Weiss et al., 1993).
The neuronal activity during the US period was analyzed using Wilcoxon
signed rank tests (Kubota et al., 1996; Freeman and Nicholson, 1999, 2000).
The onset latency and peak latency of each single unit was determined
from individual unit histograms and subjected to two-tailed ¢ tests (p <
0.05) comparing between-group within-session differences and within-
group between-session differences. Separate analyses were conducted for
the peak and onset latencies for the 6 msec and 1 msec paired trials and the
6 msec and 1 msec US-alone trials for the unpaired pretraining session, and
the first and fifth paired training sessions. The post-US period (i.e.,
immediately after the offset of the US) was divided into 10 msec intervals
(10 for the US). The period during the presentation of the US was not
analyzed because of the stimulation artifact.

Histology. On the day after training, the rats were killed with a lethal
injection of sodium pentobarbital (90 mg/kg) and transcardially perfused
with 100 ml of physiological saline followed by 300 ml of 3% formalin.
After perfusion, the brains were post-fixed in the same fixative for a
minimum of 24 hr and subsequently sectioned at 50 wm with a sliding
microtome. Sections were then stained with cresyl violet. The locations of
the recording electrodes were confirmed by examining serial sections.

RESULTS
Behavior

The rats trained on PND24-25 exhibited significantly greater CR
percentage and amplitude during sessions 3-5 than the rats that
were trained on PND17-18 (Fig. 1). The average onset latency of
the CR was lower in the rats trained on PN D24-25 than in the rats
trained on PND17-18 during sessions 3-5. These data replicate the
behavioral results of previous studies and indicate that the eye-
blink conditioned response develops substantially between PND17
and PND24 (Stanton et al., 1992; Freeman et al., 1993, 1995a,b;
Freeman and Nicholson, 2000). There were no differences in the
amplitude or percentage of the unconditioned response between
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Figure 2. Drawing of coronal sections of the rat
brain with labels indicating the placement of the tips
of the electrode bundles in the right DAO of infant
rats trained on PNDI17-18 (white circles) or
PND24-25 ( gray circles). Numbers in each drawing
indicate the approximate distance from lambda (in

the two age groups throughout training. This result indicates that
the developmental change in conditioned response acquisition was
not caused by a developmental change in performance of the
eye-blink response (Stanton et al., 1992; Freeman et al., 1993,
1995a,b; Freeman and Nicholson, 2000).

The behavioral data were evaluated statistically by ANOVA.
Analyses of both CR percentage and amplitude yielded significant
interactions involving the group and training session factors (CR
percentage: F, 34, = 8.226, p < 0.02; CR amplitude: F 4 56, = 3.12,
p < 0.037). Post hoc tests (Tukey’s HSD) revealed a significantly
greater percentage and amplitude of CRs for the rats trained on
PND24-25 relative to the rats trained on PND17-18 during ses-
sions 3-5 (all comparisons, p < 0.05). The onset latency of the CR
was examined for trials from sessions 3-5 because most of the rats
failed to produce CRs during test trials before session 3. The
ANOVA revealed a significant effect of the group factor (F(; o) =
6.793, p < 0.03), which was attributable to lower CR latencies in the
rats trained on PND24-25 (means: PND17-18 = 235.9 msec;
PND24-25 = 155.8 msec).

Electrode placement

All of the units used in the data analysis of this experiment were
recorded from the rostromedial portion of the right DAO. Of the
12 electrode bundles, 11 were placed in the rostromedial portion of
the DAO, and one was placed in the rostrolateral portion (Fig. 2).

Inferior olive neuronal activity

During the course of training, three electrode wires in one
PND17-18 rat pup and two electrode wires in one PND24-25 rat
pup exhibited lemniscal fiber potentials, which were easily identi-
fied by their waveform characteristics (see Materials and Methods)
(Crill, 1970). Further investigation during off-line analysis con-
firmed that these potentials were quite unlike any of the rest of the
neuronal waveforms, having shorter duration depolarizations, very
small and brief, if any, valleys after the action potential peak
voltage, and higher peak voltage values (amplitude). It was con-
cluded that these potentials were from medial lemniscal axons, or
at least not inferior olive neurons, by their distinct firing charac-
teristics, their presence on only a few trials in each of the two rats,
and their clear differences in waveforms from all other inferior
olive neurons, and therefore they were not included in any of the
analyses. The numbers of units at PND17-18 were 182, 133, and
163 for pretraining, paired session 1, and paired session 5, respec-
tively. The numbers of units at PND24-25 were 195, 181, and 205
for pretraining, paired session 1, and paired session 5, respectively.

Figure 3 shows the activity of representative single units that
were recorded during the US-alone trials in the pretraining session
on PND17 (top) and PND24 (bottom). Note that almost all activity
occurs after US onset, with most of the activity timelocked to
within 100 msec after US onset. Also, the response in the PND17
neuron was more consistently timed, more robust, and peaked
sooner after the US than in the PND24 neuron. Notice that the
PND17 neuron in Figure 3 displays a bimodal distribution, some-
times firing at a similar latency to the PND24 neuron, and other
times firing ~10-20 msec earlier. As can be seen in Figure 44, the
peak latency of olivary neurons in PND17 rat pups is significantly
shorter than neurons in PND24 rat pups (¢t = 7.545, p < 0.001)
(Table 1). There was no age difference in onset latency. The
age-related differences in US-elicited activity are seen most clearly
in the mean activity of all the units (Fig. 4B), where the peak bin
count is higher and occurs earlier in PND17 neurons. The
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Figure 3. Histograms and raster plots of representative units recorded in
the DAO during US-alone trials in pretraining from PND17 (fop) and
PND24 (bottom) infant rats. The arrowhead and vertical line at 0.6 sec
indicate the point in the trial when US offset occurred. The spike overlays
are 1.6 msec (each waveform is 32 data points at 20 kHz).

PND17-18 group data also exhibit a bimodal distribution similar to
the unit in Figure 3.

The neuronal activity during US-alone trials in the first paired
session continued the trend established in the pretraining session
(Table 1). However, the only statistically reliable difference be-
tween the two age groups on US-alone trials was the earlier peak
latency in PND17 neurons after the 1 msec US (t = 2345, p <
0.02). Figure 5 shows representative single units that were recorded
during the paired trials in session 1. Note that the neurons at both
ages appeared to have more consistently timed responses to the US
compared with the pretraining session, but the PND17 neuron (top
panel) peaked earlier and more robustly. There was an age-related
increase in onset (t = 4.451, p < 0.001) and peak (t = 9.731,p <
0.001) latencies for the 6 msec paired trials, and the onset (t =
4.053, p < 0.001) and peak (t = 4.429, p < 0.001) latencies for the
1 msec paired trials (Table 1). Figure 6 shows the mean neuronal
activity of all units in both ages, which exhibits the same pattern as
the single units in Figure 5. The activity elicited by the CS onset is
likely related to movement during the unconditioned startle re-
sponse to the tone (Mortimer, 1973; Barmack and Hess, 1980;
Stanton et al., 1992). Comparison of the tone-evoked startle-
related single-unit data in this experiment and the tone-evoked
startle-related Purkinje cell complex spikes in monkeys (Mortimer,
1973) reveals an impressive correspondence between the monkey
and the rat. There is no clear explanation for why the neuronal
response is greater in the PND17 rat pups, because rats at both
ages exhibit the same percentage of startle responses to the tone
(Stanton et al., 1992). However, there is a clear developmental
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of responses to the US in DAO neurons from
PND17 (black bars) and PND24 ( gray bars) rat
pups during US-alone trials in pretraining. B,
Mean neuronal activity during the entire trial
length (1 sec) for all of the single units recorded
from the DAO on PNDI17 (black line) and
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decrease in tone-evoked startle-related DAO activity (Figs. 6, 84),
which is consistent with the hypothesized source of the develop-
mental difference in US-elicited DAO activity (see Discussion).
Moreover, the lack of tone-evoked DAO activity in the rabbit
(Sears and Steinmetz, 1991) may be related to the absence of the
startle response in the rabbit (Gormezano, 1966). A significantly
greater percentage of neurons was excited during the first 100 msec
of the US period in the rats trained on PND24 relative to the rats
trained on PND17 during the 1 msec US-alone (x? = 8.41,p <
0.01, 314 units) and the 6 msec US-alone trials (x* = 4.66, p <
0.05). There were no differences in the percentages of neurons
excited during the paired trials.

During the fifth session of training, there were significant age-

p = 0.001) latencies in the 6 msec US-alone trials; and onset (t =
2.401, p < 0.02) latencies for the 1 msec US-alone trials (Table 1).
Figure 7 shows representative single units for PNDI18 (top two
panels) and PND25 rat pups (bottom two panels). The top of each
panel is taken from trials on which the animal did not perform an
eye-blink CR; the bottom of each panel is taken from trials on
which the animal performed an eye-blink CR. Note that the time-
locked relationship to the US is maintained in the PN D18 neuron
during CR trials but appears to be desynchronized or delayed in
the PN D25 neuron. Figure 8 B shows that the distribution of peak
latencies in PND25 neurons appears to be skewed toward longer
latencies after US offset, with a flatter shape than the distribution
for the PND18 neurons.

Greater percentages of PND18 neurons were excited by the US
during the 1 msec paired trials (x> = 6.117, p < 0.02, 368 units) and
the 6 msec US-alone trials (x> = 5.756, p < 0.02) compared with
PND25 neurons. Figure 84 shows the mean neuronal activity from
all units in both ages. Note the more concentrated and shorter peak
latency during the non-CR trials in PND25 neurons, and the lack
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Figure 6. Mean neuronal activity during the entire trial length (1 sec) for
all of the single units recorded from the DAO from PND17 (black line) and
PN D24 ( gray line) rat pups during 6 msec paired trials in session 1 of paired
training. Arrowheads indicate the onset of the CS and the offset of the US.

of difference between trial types in the PND18 neurons. There also
appears to be neuronal activity related to the movement of the
eyelid during CR trials in PND25 neurons (McCormick et al.,
1983), and the unconditioned startle-response to the tone in
PND17-18 neurons (Mortimer, 1973; Stanton et al., 1992).

Within-group comparisons between sessions 1 and 5 among
PND17-18 units revealed a significantly later onset latency during
the 6 msec paired trials in session 5 (t = 3.576, p < 0.01). Within-
group comparisons between sessions 1 and 5 among PND24-25
units reveal a significantly later onset (r = 6.938, p < 0.01) and peak
(t = 3.397, p < 0.01) during 6 msec paired trials; significantly later
onset (t = 3.21, p < 0.01) and peak (+ = 3.686, p < 0.01) latencies
during 1 msec paired trials; and a significantly later onset (t =
3.069, p < 0.01) latency during 6 msec US-alone trials during
session 5 (Table 1).

The high responsivity to the US in inferior olive neurons in
PND17-18 and PND24-25 rat pups throughout training is consis-
tent with previous studies (Armstrong et al., 1968; Armstrong,
1974; Gellman et al., 1983, 1985; Sears and Steinmetz, 1991; Weiss
et al., 1993). Moreover, the relatively low spontaneous rate (<1
Hz) of firing during the brief prestimulus baseline period (595 msec
in pretraining and 300 msec for paired CS-US trials) is consistent
with other studies of DAO or complex spike activity during eye-
blink conditioning (Berthier and Moore, 1986; Sears and Stein-
metz, 1991; Kim et al., 1998). There are three possible reasons for
relatively low baseline firing during conditioning trials. First, to
minimize the amount of “noise” in the behavioral and neuronal
data, we waited until the rats were completely still before a trial was
initiated. Therefore, the data are from selectively chosen condi-
tioning trials when the animals’ EMG records were showing the
least amount of activity. Second, the animals develop a conditioned
fear of the tone CS used in training, indicated in both groups by
conditioned suppression of a drinking response during tone pre-
sentations in the training environment (Freeman et al., 1995a). The
cerebellum may be contributing to the postural tone of a “freezing”
animal (Terzuolo and Terzian, 1953; Llinas, 1964; Manni et al.,
1964) and perhaps also providing a weak inhibition of inferior olive
activity through the GABAergic nucleo-olivary pathway (Nelson et
al., 1989; De Zeeuw et al., 1990; Fredette and Mugnaini, 1991),
lowering the spontaneous firing rate compared with a decerebrate,
anesthetized, or resting animal from which most spontaneous mea-
sures have been taken (Armstrong, 1974). Finally, the brief pre-
stimulus baseline (300 msec in paired trials) may provide a poor
sampling window for estimating spontaneous activity in low-
frequency neurons. However, the range of spontaneous DAO ac-
tivity in the present study was 0.2-3 Hz, which is consistent with
previous studies (Armstrong et al., 1968; Armstrong, 1974; Crill,
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Figure 7. Top two panels, Histogram and raster plots of a representative
unit recorded in the DAO during session 5 of paired training from an infant
rat trained on PND18 during trials in which no eye-blink CR was per-
formed (fop) and during trials in which an eye-blink CR was performed
(bottom). Bottom two panels, Histogram and raster plot of a representative
unit recorded in the DAO during session 5 of paired training from an infant
rat trained on PND25 during trials in which no eye-blink CR was per-
formed (fop) and during trials in which an eye-blink CR was performed
(bottom). The arrowheads and vertical line at 0.6 sec indicate the points in
the trial when CS onset and US offset occurred. The spike overlays are
1.6 msec.

1970; Cook and Wiesendanger, 1976; Gellman et al., 1983, 1985;
Sears and Steinmetz, 1991; Weiss et al., 1993).

It is possible that the synchronous neuronal ensemble response
to the US among DAO neurons at each age in the present study is
attributable to the spread of excitation via electrotonic coupling in
the inferior olive (Llinas et al., 1974; Sotelo et al., 1974; Llinas and
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Sasaki, 1989; Lang et al., 1999). Electrotonic coupling provides a
means of communication among olive neurons without the neces-
sity of action potentials and could therefore contribute to the
time-locked relationship to the US that most neurons exhibited.

Inferior olive stimulation

Eyelid responses were elicited in rats from both age groups by
stimulation of the inferior olive. After training, a 50 usec square-
pulse was delivered through the recording electrodes to assess the
possibility that direct olivary stimulation could lead to muscle
activity. The current started at 5 wA and was raised in steps of 10
pA until eyelid EMG activity or movement was detected (see
Materials and Methods). Current levels ranging from 200 to 850
rA elicited eyelid EMG activity. No age-related differences in
response-eliciting current level were detected. As the current in-
tensity was increased, the amplitude of the eyelid response in-
creased, and additional responses were elicited. Responses elicited
by inferior olive stimulation other than eyelid movement included
movement of the facial musculature, nose, and eye (Boylls, 1978;
Gellman et al., 1985; Mauk et al., 1986; Steinmetz et al., 1989). At
higher current levels (>900 nA), electrode placements that were
too dorsal (e.g., ventral gigantocellular reticular nucleus) or too
ventral (e.g., principal and medial accessory olive) elicited nonspe-
cific head jerks or nothing at all.

DISCUSSION

Developmental changes were observed in eye-blink conditioning
and neuronal activity in the rostromedial region of the DAO.
There was an age-related increase in the rate and magnitude of
eye-blink conditioning, which replicated the results of previous
studies (Stanton et al., 1992; Freeman et al., 1993, 1995a,b; Free-
man and Nicholson, 2000). Several significant differences in neu-
ronal activity in the DAO were observed. First, the magnitude of
the DAO activity elicited by the US decreased with age. This
developmental trend was first evident in pretraining and remained

session 5.

throughout training (Figs. 4B, 6, 84). Second, the latency of the
peak response to the US increased with age in paired and US-alone
trials. This developmental trend was also first evident in pretrain-
ing and remained throughout training (Table 1). Third, the age-
related differences in the magnitude and timing of the neuronal
response appear to be the result of a more consistent and highly
synchronized response to the US in PND17-18 rat pups. Fourth,
the synchrony of activity among DAO neurons in PND17-18 rats
was not modified during CR trials, whereas the activity of DAO
neurons in PND24-25 rats appeared to be desynchronized or
delayed during CR trials. The developmental trends in US-elicited
neuronal activity indicate that neurons in the DAO produce a
stronger and more synchronized response in younger rats.

The developmental changes in DAO activity may appear to be
inconsistent with our previous proposal that the ontogeny of eye-
blink conditioning depends on developmental changes in the in-
duction of plasticity caused by maturation of the US input to the
cerebellar deep nuclei (Freeman and Nicholson, 2000). However,
the developmental changes in neuronal activity in the inferior olive
may reflect dynamic interactions between multiple developmental
processes within the eye-blink circuitry. The idea that acquisition
and maintenance of conditioned responses in infants depend on
dynamic interactions between components of the eye-blink condi-
tioning circuitry is consistent with current models of the neural
mechanisms of eye-blink conditioning in adult organisms (Bartha
et al.,, 1991; Bullock et al., 1994; Gluck et al., 1995; Raymond et al.,
1996; Mauk and Donegan, 1997; Moore and Choi, 1997).

One of the most likely sites for dynamic interactions between
developmental processes within the learning circuitry is the pro-
jection from the cerebellar deep nuclei to the inferior olive. A
reasonable mechanism for the developmental decrease in the neu-
ronal response to the US in the DAO is that the GABAergic
nucleo-olivary connection becomes more effective from PND17 to
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Figure 9. Simplified diagram of possible sites of developmental changes
within the olivo-cerebellar circuit (see Discussion for details).

PND24 (Nelson et al., 1989; De Zeeuw et al., 1990; Fredette and
Mugnaini, 1991) (Fig. 9, 3).

A recent experiment by Lang et al. (1996) may provide insight
into how developmental changes in the nucleo-olivary pathway
could contribute to the developmental differences in eye-blink
conditioning. By applying the GABA antagonist picrotoxin to the
inferior olive in adult animals, Lang et al. (1996) were able to
increase synchrony among complex spikes in the cerebellar cortex.
The same increase in synchrony occurred with muscimol inactiva-
tion or chemical lesions of the cerebellar deep nuclei, directly
implicating the role of nucleo-olivary feedback in complex spike
synchrony. Lang et al. (1996) proposed that application of picro-
toxin to the inferior olive prevented the deep nuclei from decou-
pling olive cells, which then spread excitation to other nearby olive
cells through electrotonic synapses within the olive (Llinas, 1974;
Llinas et al., 1974; Fredette and Mugnaini, 1991). If there is a
developmental difference in the nucleo-olivary pathway, then the
functional decoupling of olive cells will occur less in the younger
rats, and the electrotonic spread of excitation among DAO cells will
be greater in PND17-18 rats, which will have the effect of increas-
ing magnitude and synchrony of the responses among DAO neu-
rons. This is exactly what was found in the DAO activity in the
PND17-18 rats in the present experiment.

The modifiability of neuronal firing within the inferior olive
during trials with eyelid CRs in PND24-25 rat pups is generally
consistent with past studies (Gilbert and Thach, 1977; Gellman et
al.,, 1983; McCormick et al., 1983; Berthier and Moore, 1986;
Andersson and Armstrong, 1987; Sears and Steinmetz, 1991; Hes-
slow and Ivarsson, 1996; Horn et al., 1996; Kim et al., 1998; Apps
and Lee, 1999) and provides additional support for the idea that
there are developmental changes in the nucleo-olivary projections.
The lack of CR-related inhibition of the US-elicited response in
PND17-18 neurons is consistent with the lower level of CR-related
neuronal activity in the cerebellar interpositus nucleus at this age
(Freeman and Nicholson, 2000). It is possible that the broadened
ensemble neuronal response during CR trials (Fig. 84) in
PND24-25 neurons is related to the functional decoupling of olive
neurons by the nucleo-olivary projection (Gellman et al., 1985;
Sears and Steinmetz, 1991; Horn et al., 1996, 1998), which may have
the effect of inhibiting or significantly delaying an olivary response
to the US. The presence of desynchronization rather than nearly
total inhibition of the DAO response on CR trials (Sears and
Steinmetz, 1991) in PN D24 -25 rat pups may be attributable to the
nature of the US used in the present study (periorbital shock).
Gellman et al. (1985) report that shock elicits a less variable and
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shorter latency response in the inferior olive than air puffs or taps.
The differences in stimulus-elicited responses in the DAO provide
a potential explanation for the discrepancy between the present
data and the data of Sears and Steinmetz (1991), who used an air
puff US and found almost complete inhibition of DAO activity
during CRs. Alternatively, the relatively weaker CR-related mod-
ification of DAO activity in PND24-25 rats may be attributable to
immaturity of the nucleo-olivary pathway at this age.

The modest CR-related activity in the DAO in P24-25 rats may
be attributable to either response production (Llinas and Welsh,
1993; Welsh et al., 1995) or proprioception during an ongoing
movement (Apps and Lee, 1999). Gellman et al. (1985) reported
that some olivary neurons are responsive to proprioceptive stimuli
during movement. Gellman et al. (1985) also reported that 21% of
olivary neurons show a weak but notable modulation of their
response during movement, which is similar to our weak but nota-
ble activity during the CR in the PND24-25 rat pups. Apps and
Lee (1999) found the excitability of some cerebellar cortical re-
sponses (using Purkinje cell complex spikes as an index of excit-
ability) to be highest during the swing phase of a stepping move-
ment, whereas other cells demonstrate a higher excitability during
the stance phase of movement. They concluded that the regions of
cerebellar cortex with different levels of excitability during different
phases of movement may act to monitor climbing fiber inputs at
different times during movement. The results reported in the
present experiment are consistent with these and other reports of
olivary or complex spike excitability during movement (Gilbert and
Thach, 1977; Berthier and Moore, 1986; Welsh et al., 1995).

Why is there a developmental increase in learning when there is
a developmental decrease in US-elicited activity in the DAO? The
two most likely points within the olivo-cerebellar circuitry where
developmental processes might limit induction of cerebellar plas-
ticity, and therefore limit learning, are the olivo-nuclear and olivo-
cortical synapses (Fig. 9, 1 and 2). Although the responses of DAO
neurons to the US are greater in the younger rats, it may be that the
olivo-nuclear synapses have not fully matured (Fig. 9, 2). Devel-
opmental changes in olivo-nuclear synaptic efficacy would produce
a weaker US input to the cerebellar interpositus nucleus and limit
the induction of cerebellar plasticity in younger rats. Indirect evi-
dence for this potential developmental process comes from a pre-
vious study, which demonstrated that neurons in the interpositus
nucleus of P17-18 rats exhibited a substantially lower magnitude
response to the US than the interpositus neurons of P24-25 rats
(Freeman and Nicholson, 2000). In addition, preliminary findings
indicate that the amplitude of the excitatory field potential in the
interpositus nucleus produced by stimulation of the inferior olive
(Kitai et al., 1977; Delgado-Garcia and Gruart, 1995) increases
dramatically between PND17 and PND24 (D. A. Nicholson and
J. H. Freeman, unpublished observations). A developmental dif-
ference in synaptic efficacy of olivo-nuclear synapses would also
have the indirect effect of reducing cerebellar inhibition of the
DAO (as described above) (Fig. 9, 3).

Another contributing mechanism to the ontogeny of eye-blink
conditioning may be found in developmental changes in the syn-
aptic physiology of the olivo-cortical pathway. If the connections
between the climbing fibers of the inferior olive and the cerebellar
cortex (Fig. 9, 1) are more robust than the climbing fiber input to
the interpositus nucleus (Fig. 9, 2) in PND17-18 rat pups, then the
stronger inhibitory action of the Purkinje cells (Ito et al., 1970; Ito
and Simson, 1971) would further limit postsynaptic excitation to
climbing fiber input within the interpositus nucleus. Previous neu-
rophysiological studies provide indirect evidence for this putative
developmental mechanism. For instance, the duration of the
postsynaptic response in Purkinje cells after stimulation of climb-
ing fibers shows a developmental decrease from PNDS to PND21
(Crepel, 1971, 1972, 1974; Puro and Woodward, 1977a,b), and there
is a developmental decrease in the number of spikes in each
complex spike (Crepel, 1971, 1974). The stronger Purkinje cell
activation by climbing fibers in younger animals could limit the
induction of learning-related plasticity in the interpositus nucleus
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and also have the indirect effect of reducing nucleo-olivary inhib-
itory feedback, as described above (Fig. 9, 3).

The ontogeny of eye-blink conditioning undoubtedly depends on
the dynamic interactions of developmental processes within the
olivo-cerebellar circuitry. In particular, the integrated effects of
developmental changes in the efficacy of olivo-nuclear, nucleo-
olivary, and olivo-cortical projections may account for the ontoge-
netic emergence of eye-blink conditioning.
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