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Aim: To determine whether electrical stimulation of caudal medial prefrontal cortex (mPFC) as conditioned stimulus (CS) paired with 
airpuff unconditioned stimulus (US) was sufficient for establishing eyeblink conditioning in guinea pigs, and whether it was dependent 
on cerebellar interpositus nucleus.
Methods: Thirty adult guinea pigs were divided into 3 conditioned groups, and trained on the delay eyeblink conditioning, short-trace 
eyeblink conditioning, and long-trace eyeblink conditioning paradigms, respectively, in which electrical stimulation of the right caudal 
mPFC was used as CS and paired with corneal airpuff US.  A pseudo conditioned group of another 10 adult guinea pigs was given 
unpaired caudal mPFC electrical stimulation and the US.  Muscimol (1 µg in 1 µL saline) and saline (1 µL) were infused into the cer-
ebellar interpositus nucleus of the animals through the infusion cannula on d 11 and 12, respectively.
Results: The 3 eyeblink conditioning paradigms have been successfully established in guinea pigs.  The animals acquired the delay 
and short-trace conditioned responses more rapidly than long-trace conditioned responses.  Muscimol infusion into the cerebellar 
interpositus nucleus markedly impaired the expression of the 3 eyeblink conditioned responses.
Conclusion: Electrical stimulation of caudal mPFC is effective CS for establishing eyeblink conditioning in guinea pigs, and it is depen-
dent on the cerebellar interpositus nucleus.
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Introduction
Classical eyeblink conditioning is one of the most widely used 
model systems for studying the behavioral and neurobiologi-
cal mechanisms of associative learning and memory[1–3].  All 
variant of eyeblink conditioning involve paired presentations 
of a behaviorally neutral conditioned stimulus (CS; eg, a tone 
or light) and an unconditioned stimulus (US; eg, a corneal 
airpuff or periorbital shock).  Initially, the organisms could 
produce only a reflexive eyeblink unconditioned response 
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(UR) to the US.  After hundreds of paired presentations of 
the CS and the US, the organisms could learn to close the 
eyes in response to the CS before the onset of the US (called 
the conditioned response, CR).  According to the temporal 
relationship between the CS and the US, there are two com-
monly used procedures in eyeblink conditioning: trace and 
delay paradigms.  In the trace eyeblink conditioning (TEC), 
a temporal gap occurs between the offset of the CS and the 
onset of the US, which is in contrast to the delay eyeblink con-
ditioning (DEC), in which the CS overlaps the US and the two 
stimuli are terminated at the same time.  It is well established 
that the brainstem-cerebellar circuit is the essential circuitry 
for the DEC[1, 3–6].  In addition, components of the auditory CS 
pathway (eg, the inferior colliculus or auditory thalamus) have 
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recently been added to the DEC circuit[7–14].  In contrast, sev-
eral forebrain structures, such as the medial prefrontal cortex 
(mPFC)[15–21] and the hippocampus[22–26], are required for TEC 
in addition to a brainstem-cerebellar circuit[27–31].  

It has been reported that electrical stimulations of the several 
key components in the auditory or visual CS pathway, includ-
ing the cochlear nucleus[32], medial auditory thalamic[11], audi-
tory cortex[33], lateral geniculate, superior colliculus, visual cor-
tex[34,], pontine nuclei[6, 35–37], cerebellar mossy fiber[38, 39], parallel 
fibers[40, 41], interpositus nucleus[42, 43], etc, can serve as effective 
CSs for establishing eyeblink conditioning.  Moreover, eye-
blink conditioning has also been successfully achieved by 
using stimulation of other brain areas outside of CS pathway, 
like the primary somatosensory cortex, the coronal-precruciate 
cortex[44–46], etc.  However, less work has been done to examine 
whether stimulation of the highest level in the hierarchical 
organization of the mammalian cortex (ie, PFC) is a sufficient 
CS to support associative eyeblink conditioning.

Cumulative evidence has demonstrated that PFC is impli-
cated in many critical cognitive functions[47–49] and that mPFC 
is closely involved in associative learning[50] such as eyeblink 
conditioning[15–18, 51].  Electrical stimulation of the right rostal 
PFC of a cat was an effective CS for eyeblink conditioning[52].  
Given that the caudal mPFC input to the pontine nuclei is 
necessary for eyeblink conditioning[6], it can be hypothesized 
that electrical stimulation of the caudal mPFC as a CS paired 
with an airpuff US is sufficient for establishing eyeblink con-
ditioning, and that it is dependent on the cerebellar interposi-
tus nucleus.  The present study was designed to determine 
whether electrical stimulation of caudal mPFC is a sufficient 
CS for establishing eyeblink conditioning, and whether it is 
dependent on the cerebellar interpositus nucleus.  Further-
more, the caudal mPFC play an important role in long TEC 
(eg, TEC with a 500-ms trace interval, the interval between CS 
offset and US onset)[6, 17, 18, 53, 54], but not in short TEC (eg TEC 
with a 150-ms trace interval) or DEC[6, 17–19, 21, 55–59].  Thus, the 
current study was also designed to examine the differences in 
CRs among the three eyeblink conditioning paradigms when 
the caudal mPFC was selected as the site at which CS stimula-
tion was applied.

Materials and methods
Subjects
A total of 40 adult female albino Dunkin-Hartley guinea 
pigs were included in the study.  The guinea pigs weighed 
500–550 g and were approximately 4–5 months old at the time 
of surgery.  Before the experiments and between the condi-
tioning sessions, these animals were individually housed in 
standard plastic cages that operated on a 12:12 light/dark 
cycle.  The animals were granted free access to food and water 
ad libitum.  The room temperature was maintained at 25±1 °C.  
All experiments were performed between 8:00 AM and 6:00 
PM during the light portion of the cycle.  The experimental 
procedures were approved by the Animal Care Committee of 
the Third Military Medical University and were performed 
in accordance with the principles outlined in the NIH Guide 

for the Care and Use of Laboratory Animals.  All efforts were 
made to optimize comfort and to minimize the use of the ani-
mals.

Surgery
The animals were allowed to remain undisturbed in their 
cages for 1 week prior to surgery.  The guinea pigs were 
anesthetized with a mixture of ketamine (80 mg/kg, ip; Hen-
grui, Lianyungang, China) and xylazine (5 mg/kg, ip; Sigma-
Aldrich, St Louis, MO, USA).  The anesthetized animal’s head 
was secured to a stereotaxic apparatus (SR-6N, Narishige, 
Tokyo, Japan) with lambda positioned 1.0 mm ventral to 
bregma.  A longitudinal incision was subsequently made to 
reveal the skull onto which a Plexiglas headstage (1.0 cm× 
1.0 cm×0.5 cm), designed to secure the animal’s head, was 
cemented with dental cement using four stainless steel anchor-
ing screws.  One small hole (diameter: 1.0 mm) was drilled on 
the right side of the skull centered on the right caudal mPFC 
at the following stereotaxic coordinates: anteroposterior (AP)
﹢13.0 mm, mediolateral (ML) 1.0 mm relative to the frontal 
zero plane, and the midline sinus, respectively.  Then, a stain-
less steel stimulating electrode (No 792500, A-M Systems, 
Sequim, WA, USA; coated diameter: 33.20 µm, bare diameter: 
254.00 µm) was implanted into the right caudal mPFC through 
the hole according to an atlas of the guinea pig brain[60], and 
the electrode’s tip was directed to the following stereotaxic 
coordinates: AP﹢13.0 mm, ML 1.0 mm, dorsoventral (DV)﹣2.5 
mm to the skull surface (Figure 1A, 1B).  Moreover, another 
small hole (diameter: 1.0 mm) was drilled on the left side of 
the skull centered on the left cerebellar interpositus nucleus 
at the following stereotaxic coordinates: AP﹣3.0 mm, ML 2.5 
mm relative to the frontal zero plane, and the midline sinus, 
respectively.  Then, a stainless steel guiding cannula (No 
62001, RWD, Shenzhen, China; external diameter: 0.67 mm, 
internal diameter: 0.30 mm) was implanted into the left cer-
ebellar interpositus nucleus through the hole according to an 
atlas of the guinea pig brain[60], and its tip was directed to the 
following stereotaxic coordinates: (AP﹣3.0 mm, ML 2.5 mm, 
DV﹣5.5 mm) (Figure 1A, 1B).  The infusion cannula (No 62201, 
RWD, Shenzhen, China; external diameter: 0.20 mm, internal 
diameter: 0.10 mm) extended 0.5 mm beyond the tip of the 
guiding cannula to the final infusion position at the follow-
ing stereotaxic coordinates: (AP﹣3.0 mm, ML 2.5 mm, DV﹣6.0 
mm).  The reference electrode was a copper wire (0.5 mm in 
diameter) attached to the four stainless steel anchoring screws 
implanted into the skull.  This wire was not in direct contact 
with the skull or brain tissue.  To prevent occlusion, a remov-
able stainless steel stylet (No 62101, RWD, Shenzhen, China) 
was inserted into the guiding cannula.  The stylet provided up 
to 0.5 mm of extension beyond the tip of the guiding cannula.  
The stimulating electrode, reference electrode, and guiding 
cannula were fixed to the skull with dental cement.  Finally, a 
small nylon loop was sutured into but not through the edge of 
the upper left eyelid.  In the present study, this loop was uti-
lized to attach the upper left eyelid to a movement-measuring 
device.  After the surgery, the animals were allowed 1 week of 
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recovery.

Apparatus
Eyelid movements were measured by a high-resolution 
spring-return potentiometer (JZ101, XH, Beijing, China) that 
was attached via a thread lead hooked through the nylon loop 
sutured into the upper left eyelid.  A stimulator (YC-2, Cheng 
Yi, Chengdu, China) was used to deliver a stimulation CS, 
while a plastic pipe placed 1.0 cm from the animal’s left eye-

ball was used to deliver a corneal airpuff US (Figure 1A).  A 
custom computerized monitoring system controlled presenta-
tions of the CS and US.  Eyelid-movement mechanograms and 
applied-stimuli markers were digitized by a data-acquisition 
system (RM6280C, Cheng Yi, Chengdu, China) at a sample 
rate of 10 kHz and were acquired using the system’s built-in 
software (v 4.7).  A Windows PC was used to store and ana-
lyze the behavioral data.

Behavioral procedures
The 40 guinea pigs were divided into four groups: delay con-
ditioned (n=10), short-trace conditioned (n=10), long-trace con-
ditioned (n=10), and pseudo-conditioned (n=10).  Each group 
represented one training paradigm.  Following postoperative 
recovery, the animals were adapted to the experimental envi-
ronment for two sessions at 60 min per session.  These two ses-
sions were followed by 10 consecutive daily sessions of acqui-
sition training.  Immediately following acquisition training, 
the three conditioned groups underwent 2 consecutive daily 
sessions of drug infusion.  During the acquisition sessions and 
the drug infusion sessions, the animals were restrained in a 
Plexiglas container (25 cm×15 cm×15 cm) located in a sound- 
and light-attenuated chamber, and their heads were secured 
with blunt ear bars that pressed on the headstages.  The left 
eye of the animal was held open in a confirmable position, 
with the nylon loop sutured into the left upper eyelid, which 
was linked to the high-resolution spring-return potentiometer.  
The voltage level represented the eyeblink baseline position, 
which was manually calibrated to a constant value.  Moreover, 
the animal’s left lower eyelid was taped open.  These two mea-
sures ensured continual exposure of the left cornea.

During behavioral training, electrical stimulation of the 
caudal mPFC functioned as the CS, which was a 200-Hz, 250-
ms train of monophasic pulses (cathodal, square, current 
level of 50–200 µA, a pulse duration of 0.1 ms).  The electri-
cal stimulation parameters were chosen based on the recent 
studies[8, 11, 14, 58].  The stimulation intensity for each guinea 
pig was set carefully before training by increasing the test 
current until a behavioral response was observed to avoid 
biasing the experimental results through an electrical startle 
response and a spreading of the electrical stimulation current 
to remote brain areas, such as hippocampus, premotor cortex, 
and somatosensory cortex.  The current was then turned down 
in 5-µA increments until there was no observable behavioral 
response.  Typical behavioral responses observed from the test 
stimulation included movements of the eyelid, eye, ear and/
or head[8, 11, 14, 58].  In most of the cases (28/37) in the present 
experiment, the threshold stimulation was between 50–120 µA.  
An additional evoked field potentials recording test showed 
that the caudal mPFC stimulation with 200 μA or below did 
not evoke any field potential in the motor cortex, somatosen-
sory cortex, or the cerebellar cortex (date not shown).  The US 
was a 100-ms, 3.0-psi airpuff.  A daily acquisition training ses-
sion consisted of five 10-trial blocks.  However, a daily infu-
sion session (d 11 and d 12) consisted of three 10-trial blocks 
before the infusion and five 10-trial blocks after the infusion.  

Figure 1.  Experimental design.  (A) The upper left eyelid movements 
were measured by a high-resolution spring-return potentiometer that was 
attached via a thread lead that was hooked through a nylon loop, which 
was sutured into the left upper eyelid, and the left lower eyelid was taped 
open.  One electrode was implanted in the right caudal medial prefrontal 
cortex (mPFC) and one infusion guiding cannula was implanted in left 
cerebellar interpositus nucleus.  Electrical stimulation of right caudal 
mPFC was used as a conditioned stimulus (CS), and airpuff was presented 
to the left cornea as an unconditioned stimulus (US).  (B) Diagram of the 
sagittal section of guinea pig brain, showing the stimulating and infusion 
sites.  (C) Schematic diagram showing the delay, short-trace, and long-
trace eyeblink conditioned response (CR) paradigms used in the present 
study.  Note that the CS, US, and total trial lengths were equal in each 
conditioning.  Short and long-trace CR were different in trace interval (TI) 
length.
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Moreover, each block comprised nine CS-US paired trials and 
one CS alone trial.  The trials were separated by a variable 
intertrial interval of 20–40 s with a mean intertribal interval of 
30 s.  For the delay-conditioning paradigm, the US terminated 
simultaneously with the offset of the CS (the interstimulus 
interval was 150 ms).  For the short-trace and long-trace condi-
tioning paradigms, a stimulus-free trace interval of 150 ms or 
500 ms was interposed between the CS termination and the US 
onset, respectively (Figure 1C).  For the pseudo-conditioning 
paradigm, the US was presented at a random interval between 
1 and 10 s after the CS onset.  All experiments were performed 
during the light phase of the light/dark cycle.

Drug infusions
Two drug infusion sessions were conducted during d 11 and 
d 12.  Each infusion session began with three blocks of training 
to establish a baseline of response prior to each drug infusion.  
Drug infusions were performed 20 min before the subsequent 
beginning of conditioning training.  Muscimol (Sigma-Aldrich, 
St Louis, MO, USA), which produces inactivation only to the 
soma of neurons but not to the fibers of passage, was dis-
solved in saline (phosphate buffer, pH 7.4), which served 
as the vehicle prior to use.  During the first infusion session 
(d 11), 1.0 µg muscimol in 1.0 µL saline was infused into the 
guinea pigs’ left cerebellar interpositus nucleus.  Infusion pro-
cedures for each animal included removal of the internal stylet 
from the guiding cannula, insertion of a stainless steel infusion 
cannula that extended 0.5 mm below the tip of the guiding 
cannula, infusion of the drug at 0.5 µL/min via polyethylene 
tubing connected to a microsyringe, removal of the needle 5 
min after the cessation of infusion, and finally, reinsertion of 
the internal stylet.  During the second infusion session (d 12), 
1.0 µL saline was infused into the guinea pigs’ left cerebellar 
interpositus nucleus.  The drug infusion procedures used in 
the second infusion session were the same as those used in the 
first infusion session.  All of the animals were allowed 24 h to 
recover between the infusion sessions.  Several prior studies 
that used similar infusion procedures have reported that mus-
cimol spread maximally within the 10–20 min following infu-
sion, that the effective inactivation radius was 1.5–2.0 mm, and 
that the blocking effect persisted for a period of up to 2.0 h in 
both cortical and subcortical tissues[61–63].  However, in present 
study, the exact drug diffusion into each animal is unknown 
because the spread of the three drugs was not measured 
directly.

Histology
After the completion of behavioral experiments, all of the 
animals were given a lethal dose of pentobarbital sodium 
(150 mg/kg, ip; SCRC, Shanghai, China) and were perfused 
transcardially with physiological saline followed by 4% para-
formaldehyde, which was prepared in phosphate-bufferer 
(0.1 mol/L, pH 7.4).  The brains were removed from the skulls 
and stored in 4% paraformaldehyde for several days.  Four 
days prior to sectioning, the brains were transferred to a 30% 

sucrose/4% paraformaldehyde solution.  Frozen coronal sec-
tions measuring 30 µm in thickness were taken from the sites 
of the electrode and infusion cannula implantation.  The slices 
were stained with cresyl violet.  The locations of the electrode 
and infusion cannula tips within the brains were carefully 
determined using a light microscope (SMZ1500, Nikon, Tokyo, 
Japan) with a digital camera (DXM1200F, Nikon, Tokyo, 
Japan) and were drawn onto plates using a stereotaxic atlas of 
the guinea pig brain[60].

Behavioral data analysis
For each training trial, 2000-ms time periods were recorded 
during the conditioning trials and 12-s time periods were 
recorded during the pseudo-conditioning trials beginning 
800 ms before the onset of the CS.  Drug infusions were not 
recorded.  All data presented in this paper are measurements 
of the left upper eyelid movements.  The parameters of eye-
blink responses were analyzed using custom software.

Each CS-US paired trial presented during the conditioning 
training was subdivided into three discontinuous analysis 
periods: (1) a “baseline” period, which occurred at 0–800 ms 
before the CS onset; (2) a “CR” period, which occurred at 140 
ms before the US onset; and (3) a “UR” period, which occurred 
at 0–250 ms after the US onset.  The “baseline” period and “CR” 
period of each CS-alone trial were divided in the same manner 
as the baseline and CR periods from the CS-US paired trials 
for the same training paradigm.  A significant eyelid move-
ment was defined as an increase in mechanogram amplitude 
that was greater than the mean baseline amplitude and had 
four times the standard deviation of the baseline activity.  In 
addition, the significant eyelid movement required a minimal 
duration of 15 ms.  Any significant eyelid movement during 
the latter two periods defined above was counted as a CR or a 
UR, respectively.  The percentage of CR (CR%) was defined as 
the ratio of the number of trials containing the CR to the total 
number of valid trials.  The CR peak amplitude was defined as 
the maximum amplitude change from baseline during the CR 
period.  The trials containing CR were selected for analysis of 
CR peak amplitude.  The CR relative peak latency was defined 
as the time interval from the CR peak to the US onset.

Only the CR% was analyzed for the animals that received 
pseudo-conditioning training.  For each trial, a significant 
eyelid movement that occurred within the time period 140 
ms before the US onset was defined as a CR-like eyeblink 
response.

Statistical analysis
All data were expressed as means±SEM.  Statistical signifi-
cance was determined by a least significant difference (LSD) 
post-hoc test following a two-way repeated measures analyses 
of variance (ANOVA), a separate one-way repeated measures 
ANOVA, or a separate one-way ANOVA using the SPSS soft-
ware for Windows package (v 18.0).  A value of P<0.05 was 
considered statistically significant.
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Results
Electrode and infusion cannula tips placements
Placement of the electrode cannula and infusion tips was care-
fully checked before the behavioral analysis commenced.  An 
animal’s data were excluded from the analysis if the electrode 
tip was not in the right caudal mPFC or the infusion cannula 
tip was not in the left cerebellar interpositus nucleus.  Elec-
trode tip placements in the right caudal mPFC were verified by 
examining a series of coronal sections.  All electrode tips were 
placed in the right caudal mPFC (n=37).  The infusion cannula 
tip placements in the left cerebellar interpositus nucleus were 
also verified by examining a series of coronal sections (Figure 
2A).  Most of the infusion cannula tip placements were in or 
near the left cerebellar interpositus nucleus (n=35) with one 
exception each in the delay and short-trace conditioned group 
(Figure 2B).

Acquisition of eyeblink conditioning by the guinea pigs
The data from two animals in the delay-conditioned group, 
from one animal in the short-trace conditioned group and 
from two animals in long-trace conditioned group were 
removed from the analysis, because either the infusion cannula 
tips placements were not in or near the left cerebellar inter-
positus nucleus (n=2) or the animal had died before the end 
of the experiment (n=3).  The CR% increased as a function of 
sessions for the delay, short-trace and long-trace conditioned 

groups (Figure 3A).  This increase was confirmed by a two-
way repeated measures ANOVA, there was a significant inter-
action between groups and sessions [F(27,279)=7.289, P<0.001], 
and significant main effects of group [F(3,31)=39.295, P<0.001] 
and session [F(9,279)=38.940, P<0.001].  Furthermore, LSD post-
hoc tests revealed that the CR% of the delay, short-trace, and 
long-trace conditioned groups was significantly higher than 
the CR% of the pseudo-conditioned group (P<0.001, P<0.001, 
and P=0.026, respectively; Figure 3A).  The simple main effects 
of session for CR% during acquisition training were further 
analyzed using separate one-way repeated measures ANOVA.  

Figure 2.  Histological reconstructions of the electrode and infusion 
cannula tips.  Schematic illustration of the locations of all electrode tips 
(A) and all infusion cannula tips (B) for the delay (■; n=9), short-trace (●; 
n=10), long-trace (▲; n=8), and pseudo conditioned (▼; n=10) groups, 
respectively.  Note that one infusion cannula tip of the delay conditioned 
group and one infusion cannula tip of the short-trace conditioned group 
were not in or near the left cerebellar interpositus nucleus.  Numbers to 
the left represent distance (mm) from the frontal zero plane.  The coronal 
brain plates are adapted from the atlas of Rapisarda and Bacchelli (1977).

Figure 3.  Acquisition of the eyeblink conditioned responses (CR) for delay 
(n=8), short-trace (n=9), long-trace (n=8), and pseudo (n=10) conditioned 
groups given training with a right caudal mPFC conditioned stimulus (CS) 
across 10 acquisition training sessions.  (A) CR percentage, (B) CR peak 
amplitude, and (C) CR relative peak latency are given as mean±standard 
error (SEM).  Error bars represent the SEM.
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This analysis revealed that the simple main effects of session 
on CR% were significant for the delay [F(9,63)=14.517, P<0.001], 
short-trace [F(9,72)=2.332, P<0.001], and long-trace [F(9,63)=5.543, 
P<0.001] conditioned groups, but not for the pseudo-condi-
tioned group [F(9,81)=0.626, P=0.772; Figure 3A].

To investigate the effects of the different conditioning train-
ing paradigms on the CR pattern, CR peak amplitude and 
relative peak latency was analyzed for all of the animals.  LSD 
post-hoc tests confirmed that the CR peak amplitude in the 
long-trace conditioned group was significantly lower than that 
in the delay (P<0.001) and short-trace (P=0.002) conditioned 
groups.  The latter two groups did not differ significantly from 
each other (P=0.356; Figure 3B).  In addition, a separate one-
way repeated measures ANOVA revealed that the simple 
main effects of session on the CR peak amplitude were sig-
nificant for both the delay [F(9,63)=5.143, P<0.001] and short-
trace [F(9,72)=4.529, P<0.001] conditioned groups, but not for the 
long-trace conditioned group [F(9,81)=0.873, P=0.554; Figure 3B].

Furthermore, LSD post-hoc tests revealed that the CR relative 
peak latency in the delay conditioned group was significantly 
lower than that in either the short-trace (P<0.001) or the long-
trace (P<0.001) conditioned groups.  The latter two groups 
differed significantly from each other (P=0.019; Figure 3C).  
Moreover, the LSD post-hoc tests confirmed that the CR rela-
tive peak latency during session 1 was significantly higher 
than during session 10 for the delay (P=0.041) and short-trace 
(P=0.043) conditioned groups, but not for the long-trace condi-
tioned group (P=0.994; Figure 3C).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on DEC expression
Infusion of muscimol into the left cerebellar interposi-
tus nucleus significantly decreased the CR% (Figure 4A, 
right panel) and the CR peak amplitude for the group that 
received delay conditioning (Figure 4B, right panel).  A two-
way repeated measures ANOVA performed on CR% (Fig-
ure 4A, left panel) and CR peak amplitude (Figure 4B, left 
panel) revealed there was no significant effect of trial block 
[F(1,14)=0.299, P=0.593 and F(1,14)=0.028, P=0.870, respectively] 
during the pre-infusion block (trial blocks 1–3).  However, the 
two-way repeated measures ANOVA confirmed that the CR% 
(Figure 4A, right panel) and the CR peak amplitude (Figure 
4B, right panel) for the animals that received the muscimol 
infusion were significantly lower than those observed for the 
animals that received the saline infusion [F(1,14)=25.599, P<0.001 
and F(1,14)=36.147, P<0.001, respectively] during the post-infu-
sion block (trial blocks 4–8).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on short TEC expression
Infusion of muscimol into the left cerebellar interpositus 
nucleus significantly decreased the CR% (Figure 5A, right 
panel) and the CR peak amplitude for the group that received 
short-trace conditioning (Figure 5B, right panel).  A two-
way repeated measures ANOVA performed on CR% (Figure 
5A, left panel) and CR peak amplitude (Figure 5B, left panel) 

revealed that there was no significant effect of trial block 
[F(1,16)=0.250, P=0.624 and F(1,16)=0.516, P=0.483, respectively] 
during the pre-infusion block (trial blocks 1–3).  However, 
the two-way repeated measures ANOVA confirmed that the 
CR% (Figure 5A, right panel) and the CR peak amplitude 
(Figure 5B, right panel) for the animals that received the mus-
cimol infusion were significantly lower than for the animals 
that received the saline infusion [F(1,16)=72.147, P<0.001 and 
F(1,16)=33.558, P<0.001, respectively] during the post-infusion 

Figure 4.  Delay conditioned group data for the effects of muscimol (▲) 
and saline (●) infused into the left cerebellar interpositus nucleus.  (A) 
Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the delay 
CRs were seen, whereas infusion of saline had no significant effect 
on the delay CRs.  (B) Muscimol infusion significantly decreased the 
peak amplitude of the delay CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=8.  bP<0.05 vs control.
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block (trial blocks 4–8).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on long TEC expression
Infusion of muscimol into the left cerebellar interpositus 
nucleus significantly decreased the CR% (Figure 6A, right 
panel) and the CR peak amplitude (Figure 6B, right panel) 
for the group that received long-trace conditioning.  A two-
way repeated measures ANOVA performed on CR% (Figure 

6A, left panel) and CR peak amplitude (Figure 6B, left panel) 
revealed that there was no significant effect of trial block 
[F(1,14)=0.007, P=0.933 and F(1,14)=0.089, P=0.770, respectively] 
during the pre-infusion block (trial blocks 1–3).  In contrast, 
the two-way repeated measures ANOVA confirmed that the 
CR% (Figure 6A, right panel) and the CR peak amplitude 
(Figure 6B, right panel) for the animals that received the mus-
cimol infusion were significantly lower than for the animals 
that received the saline infusion [F(1,14)=25.801, P<0.001 and 

Figure 5.  Short-trace conditioned group data for the effects of muscimol 
(▲), and saline (●) infused into the left cerebellar interpositus nucleus.  
(A) Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the short-
trace CRs are seen, whereas infusion of saline had no significant effect 
on the short-trace CRs.  (B) Muscimol infusion significantly decreased the 
peak amplitude of the short-trace CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=9.  bP<0.05 vs control.

Figure 6.  Long-trace conditioned group data for the effects of muscimol 
(▲) and saline (●) infused into the left cerebellar interpositus nucleus.  
(A) Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the long-
trace CRs are seen, whereas infusion of saline had no significant effect 
on the long-trace CRs.  (B) Muscimol infusion had significant effect on 
peak amplitude of the long-trace CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=8.  bP<0.05 vs control.
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F(1,14)=8.313, P<0.001, respectively] during the post-infusion 
block (trial blocks 4–8).  

Discussion
In the initial portion of this study, it was demonstrated that 
electrical stimulation of the caudal mPFC as a CS paired with 
an airpuff US was sufficient for establishing eyeblink condi-
tioning in guinea pigs.  In contrast, unpaired presentations of 
the stimulation CS and airpuff US did not obtain CR across 
10 d of training, suggesting that CRs observed in the condi-
tioned groups were due to associative learning.  Against our 
expectations, the guinea pigs acquired long TEC slower than 
both DEC and short TEC, in agreement with the previous 
studies using peripheral CS (eg, a tone or a light CS) in eye-
blink conditioning[64, 65].  There is a possibility that the longer 
trace interval between the CS and the US makes it difficult for 
them to timely converge inside brain, and that additional brain 
regions such as the hippocampus, mPFC and amygdala are 
required for establishment of long TEC[6, 13, 17, 18, 22–24, 53, 54, 66–69].  
There were significant increases in CR amplitudes and 
decreases in CR relative peak latency in both delay and short-
trace, but not in long-trace conditioned groups, attributing to 
that long TEC had not been well learned during successive 
10 sessions.  Moreover, an additional evoked field potentials 
recording test showed that the caudal mPFC stimulation with 
200 μA or below did not evoke any field potential in the motor 
cortex, somatosensory cortex, or the cerebellar cortex.  Thus, 
the current results provide direct support for our hypothesis 
that electrical stimulation of mPFC as a CS paired with an air-
puff US is sufficient for establishing eyeblink conditioning.

In the second portion of this study, infusion of muscimol 
into the left interpositus nucleus impaired CRs expression in 
the three conditioned groups, suggesting that the interpositus 
nucleus is critical for expression of this special CR.  It is con-
sistent with the findings of the previous studies using periph-
eral CS in eyeblink conditioning that cerebellar interpositus 
nucleus plays an essential role in CR expression[4, 27, 29, 31, 66, 70, 71].  
Steinmetz[72] speculated that the cerebellum may only be 
involved in simple, discrete, aversive, and somatic associative 
learning that occurs with a relatively short interstimulus inter-
val.  The current results support his speculation, and show 
that the expression of this special CR, which is also a simple, 
discrete, somatic, aversive, and defensive behavior induced by 
stimulation of caudal mPFC as a CS, is still dependent on the 
cerebellum.  The results from the present study further imply 
that it is the features of the CR rather than the CS that decide 
whether the cerebellum is necessary for CR operation.

Given that mPFC is necessary for long TEC[6, 17, 18, 53, 54], but 
not for DEC and short TEC[6, 17–19, 21, 55–59], it is expected that long 
TEC would be acquired more rapidly than DEC and short TEC 
at least in some manner when stimulation of the caudal mPFC, 
part of the long TEC circuit, was used as a CS.  However, the 
present results show that the guinea pigs acquired DEC and 
short TEC more rapidly than long TEC.  The current findings 
combined with the results of previous studies may indicate 
that one brain area at which an effective and sufficient stimula-

tion CS for establishing CR was applied can not be interpreted 
as an essential area for classical eyeblink conditioning.  For 
instance, lesions of the visual cortex did not prevent acquisi-
tion of CRs with a light CS[73], suggesting that the visual cor-
tex is not involved in the process of CR acquisition, whereas 
stimulation of the visual cortex can be successfully used as a 
CS to establish CR[34].  Moreover, although lesions of the pre-
tectal nuclei[73] and hippocampus[22–24, 68] retarded acquisition 
of eyeblink conditioning, stimulation of the anterior pretectal 
nucleus[11] and of the CA1 layer of hippocampus[74] can not be 
served as effective CSs for establishing eyeblink condition-
ing.  Therefore, the present results only suggest that electrical 
stimulation of mPFC is a very effective and sufficient CS for 
establishing eyeblink conditioning, and that it is dependent on 
the cerebellar interpositus nucleus, but can not be interpreted 
as providing evidence that mPFC is critically involved in DEC, 
short TEC, or long TEC.

It is worth noting that long TEC with a tone CS acquisi-
tion requires mPFC that persists mossy fiber activity through 
the stimulus-free trace interval to overlap in time with the 
US[6, 75, 76].  In the present study, however, the guinea pigs 
could develop long TEC to mPFC stimulation CS even when 
it did not co-terminate with the US.  There is a possibility that 
the mPFC activity which begins during the stimulation CS and 
persists beyond the stimulation CS offset to overlap with the 
US may induce long TEC successful establishment.  Indeed, 
it is reported that the activity in the neurons of mPFC began 
during the tone CS and persisted to overlap with the US dur-
ing TEC[77].

Despite careful and detailed analysis of the CRs acquisition 
to electrical CSs by previous studies, it is difficult to establish 
a minimum range of current for the electrical CS which is 
required for obtaining CR.  The threshold stimulation of CS 
required to establish the CR in the present study was lower 
than that in most previously studies (50–200 mA in current 
study vs 180–250 µA for visual cortex stimulation[34]).  This 
difference may in part due to differences in current spread at 
different sites of stimulation, but may also relate to differences 
in the numbers of cells which must be excited for the CS to be 
effective[45].

One of our primary purposes here was to test the effects 
of stimulation of the caudal mPFC on CR establishment.  
Whether or not stimulation of other areas of PFC can obtain 
the CR is an important issue, and should be investigated in 
future studies.  While the distributed pattern of activation 
induced by electrical stimulation in awake animals is currently 
unknown[78], an additional evoked field potentials recording 
test showed that the caudal mPFC stimulation with 200 μA 
or below did not evoke any field potential in the motor cor-
tex, somatosensory cortex, or the cerebellar cortex.  Thus, the 
present experiment could rule out the possibility that stimula-
tion of the caudal mPFC significantly activates other areas of 
cortex.  In addition, the lesion and field potential data suggest 
that the lateral pontine nuclei conveys necessary CS signals to 
the cerebellum in eyeblink conditioning[79, 80].  Recent studies 
suggest that mossy fiber activity driven by input from mPFC 
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to lateral pontine nuclei which persists through the stimulus-
free trace interval to overlap in time with the US supports the 
auditory TEC [6, 75, 76].  Therefore, the lateral pontine nuclei may 
also convey the electrical CS signals to the cerebellum in the 
three types of eyeblink conditioning induced by the electrical 
stimulation of caudal mPFC.  However, this hypothesis needs 
further testing.

In conclusion, the results from this study show that electri-
cal stimulation of caudal mPFC was a very effective CS for 
establishing eyeblink conditioning, and that the CR is depen-
dent on the cerebellar interpositus nucleus.  Moreover, the 
guinea pigs acquired delay and short-trace CRs more rapidly 
than long-trace CR.  However, the current results should not 
be interpreted as providing evidence that mPFC is involved in 
DEC, short TEC, or long TEC.
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