
The Role of the Cerebellar Interpositus Nucleus in Short and Long
Term Memory for Trace Eyeblink Conditioning

Narawut Pakaprot1,2, Soyun Kim1, and Richard F. Thompson1

1 Neuroscience Program, University of Southern California, Los Angeles, CA 90089-2520, USA 2
Department of Physiology, Faculty of Medicine, Siriraj Hospital, Mahidol University, Bangkok 10700,
Thailand

Abstract
In previous studies the cerebellar interpositus nucleus, but not the hippocampus, was shown to be
necessary both for initial learning and retention and for long-term retention of the standard delay
eyeblink conditioned response (CR). However, in the trace eyeblink CR procedure, the hippocampus
is also necessary for initial learning and retention, but not for long-term retention. Here we evaluate
the role of the interpositus nucleus in both initial learning and retention, and in long-term retention
of the trace eyeblink CR, using muscimol infusion to reversibly inactivate the interpositus nucleus.
For the short-term study, there were 2 subgroups, the first sequentially passed through acquisition,
inactivation, and reacquisition phases, whereas the second subgroup went through inactivation,
acquisition, and inactivation phases. For the long-term study, the rabbits acquired the conditioned
response (CR) and then rested for a month. Next, they were distributed into 2 subgroups: with or
without retention training, and finally went through inactivation and reacquisition phases. The results
showed that the pre-learning IP nucleus inactivation prevented the acquisition of the trace CR,
whereas the post-learning inactivation reversibly abolished the expression of both the short- and
long-term CR.
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Introduction
In the attempt to find a memory trace, one of the most widely used behavioral paradigms is
eyeblink conditioning (EBC), which involves the paired presentation of a conditioning stimulus
(CS) i.e. tone or light and an unconditioning stimulus (US) i.e. airpuff to the eyes or periorbital
shock to evoke a conditioned response (CR) (Gormezano, Kehoe & Marshall, 1983). In delay
EBC, the CS comes first, followed by the US, and both are terminated at the same time.
Evidence strongly supports the view that the permanent storage sites of the memory trace are
in the cerebellum. The cerebellum and its associated brainstem circuitry appear to be sufficient
to mediate and maintain the delay conditioned response memory. Indeed, it appears that the
cerebellar anterior interpositus nucleus (IP) ipsilateral to the training eye is necessary for
acquisition, short and long term retention, and expression of the memory (Christian &

Correspondence concerning this publication should be addressed to Narawut Pakaprot, Neuroscience Program, University of Southern
California, 3641 Watt Way, Los Angeles, CA 90089-2520. Email: pakaprot@usc.edu.

NIH Public Access
Author Manuscript
Behav Neurosci. Author manuscript; available in PMC 2010 February 1.

Published in final edited form as:
Behav Neurosci. 2009 February ; 123(1): 54–61. doi:10.1037/a0014263.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Thompson, 2003; 2005; Clark et al., 1984; Krupa et al., 1993; 1996; Krupa & Thompson,
1995; 1997; Lavond & Steinmetz, 1989; McCormick et al., 1982; Yeo et al., 1985a).

On the other hand, trace EBC, where there is a gap between CS offset and US onset, appears
to require the interaction between cerebellum and other brain areas. The hippocampus was
shown to be essential for acquisition of trace, but not delay, eyeblink conditioning as well as
the cerebellum (Moyer et al., 1990; Solomon et al., 1986; Woodruff-Pak, et al., 1985);
moreover, studies with humans indicated that medial temporal lobe amnestics cannot learn the
long trace eyeblink procedure (but can learn the standard delay procedure) and normal subjects
showed much better trace learning if they are aware of the contingencies (Clark & Squire,
1998, 1999), suggesting that trace conditioning can be considered as a simple model of
hippocampal-dependent declarative memory (Christian & Thompson, 2003). However, the
involvement of the hippocampus is critical only during the acquisition and for time limited
retention (Kim et al., 1995), raising questions about the nature of the interaction between
cerebellum and hippocampus. Weiss and Disterhoft (1996) proposed that the hippocampus
helps to potentiate the effect of the CS at pontine nuclei, facilitating CS and US integration
within the cerebellum. There is considerable empirical support for this view that forebrain
structures can act to potentiate processing of the CS via the pontine nuclei (Bao et al., 2000;
Knowlton & Thompson, 1988; 1992; Knowlton et al., 1993; Steinmetz et al., 1986; 1987;
Tracy et al., 1998).

Evidence suggests that other brain areas such as the caudal anterior cingulate gyrus (cAC), the
basal ganglia and thalamus may be involved in trace conditioning as well (Weible et al.,
2003). Lesions of the cAC impair acquisition of trace CRs (Weible et al., 2000), and single
neuron recording data indicate that the cAC is robustly involved only early in training,
suggesting an attentional role during the acquisition process (Weiss & Disterhoft, 1996). This
may be mediated through the connection of cAC with the basal forebrain cholinergic system
(Everitt & Robbins, 1997; Sarter et al., 2005; Weiss et al., 2006). The cAC then could indirectly
affect the hippocampal circuit via thalamo-cortical, stratal-cortical or claustral-cortical
projections, and directly affect the pontine nuclei, the CS relay station. Weible et al. (2007)
demonstrated a direct connection between the cAC and the lateral pons.

A fundamental issue for trace EBC is the location(s) of the long-term permanent store of the
memory trace. To date, evidence shows that hippocampus and frontal cortex play critical roles
in initial acquisition but not in long-term retention (at least not the hippocampus, Kim et al.,
1995). So where are the long term memories stored? The cerebellum is the obvious possibility.
At least one study, in rat, indicates that the frontal cortex may also play a key role in long term
storage of the trace EBC (Takehara et al., 2003). Interestingly, the cerebellar cortex seems less
critical for trace EBC than for delay EBC (Kishimoto et al., 2001a,b,c; Kishimoto & Kano,
2006; Miyata et al., 2001; Woodruff-Pak et al., 2006). Here we test the possibility that the
cerebellar IP is necessary for both short and long term retention of the trace EBC. Actually,
Woodruff-Pak et al. (1985) reported earlier that the IP is necessary for short term retention of
trace EBC, so we simply replicate these findings here.

Experiment I (short-term study)
Methods

Subjects—Ten male New Zealand White rabbits (2.2 – 2.7 kg) were obtained from a local
USDA-licensed supplier, housed individually in the Hedco Neuroscience vivarium on a 12-hr
light-dark cycle, and provided ad lib access to food and water. All procedures and treatments
of the animals were in full accordance with the American Psychological Association Guidelines
for Ethical Conduct in the Care and Use of Animals and the National Institute of Health
regulations.
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Surgery and apparatus—One week after delivery, rabbits underwent aseptic surgery for
implanting a cannula and attaching a head stage. The animals received preoperative injections
of ketamine (60 mg/kg) and xylazine (8 mg/kg), and anesthesia was maintained throughout the
procedure with a mixture of 1–3% halothane in oxygen. After anesthetization, the rabbit was
placed in a stereotaxic frame, and the skull was adjusted so that lamda was 1.5 mm (± 0.1 mm)
lower than bragma. Then, a cannula was stereotaxically implanted into the left interpositus (IP)
nuclei of the cerebellum (14.25 mm below, 0.7 mm anterior, and 5.1 mm lateral to lamda), and
it was fixed to the skull with dental cement. Each animal received analgesic postoperatively
every 12 hrs for 2 days (buprenorphine hydrochloride, 0.02 mg/kg).

Behavioral training—After one week of recovery, the behavioral training began with
habituation. All rabbits were restrained in a Plexiglas box and kept in training chambers, and
the potentiometer and air nozzle were secured to the animal’s head stage. During the habituation
period, the animals were given no stimuli in the training chamber for one hour for each of 2
days. After that they were distributed into 2 subgroups (SMS and MSM) according to the
sequence of infused substances. In general, they were trained daily with a 500 ms trace eyeblink
conditioning procedure, thirty minutes after the 0.5 μl, IP nucleus infusion of either muscimol
(0.01 M; a GABA A receptor agonist) during the inactivation phase or physiological saline
during the acquisition phase, depending on the phase sequences in each subgroup. The training
procedure consisted of 13 blocks of 9 trials (total 117 trials), and each block was composed of
1 (a 250-ms, 85-dB, 1-kHz tone) CS alone trial, 1 (a 100-ms, 3-psi, left corneal airpuff) US
alone trial, and 7 pairings of a CS and a US with a 500 ms gap between the two stimuli. Inter
trial intervals were randomly varied from 20 to 40 s. The first subgroup (SMS) sequentially
received saline for 8 days (acquisition), muscimol for 4 days (inactivation) and finally saline
for 8 days (reacquisition), and the second group (MSM) was infused with muscimol for 8 days
(inactivation), saline for 8 days (acquisition), followed by muscimol for 4 days (inactivation),
corresponding to phase I, II, and III respectively in each subgroup. The learning criterion was
8 CRs in any block of 9 trials.

Behavioral analysis—The nictitating membrane (NM) movements were measured by a
minitorque potentiometer connected with a nylon stitch at left nictitating membrane via a thread
lead. Voltage changes were measured and recorded by an IBM PC system controlled by
FORTH program (David Lavond, University of Southern California, Los Angeles, CA).

NM movement recorded time was 1500 ms (pre-CS period: −250 – 0 ms; CS onset: 0 ms; CR
period: 50 – 250; Trace period: 250 – 750; US onset: 750 ms; UR period: 750 – 850 ms). The
amplitude of conditioned eyeblink response (CR) and unconditioned eyeblink response (UR)
were analyzed by FORTH program. On paired trails, CRs were defined as NM movements of
≥ 0.5 mm prior to US onset, but at least 50 ms after CS onset to eliminate any nonassociative
responses. URs were the movements ≥ 0.5 mm after US onset. On CR alone trials, any
movement (≥ 0.5 mm) within the trial period was counted as a CR. The percentage of CR (CR
%) was the ratio of the number of CRs to the number of valid trials.

Histology—After the end of the experiments, all animals were lesioned at the locus of the
drug infusion cannula by applying a 0.1 mAcurrent for 10 sec. Next, they were sacrificed by
ear vein injection of pentobarbital, and perfused intracardially with physiological saline and a
fixation solution of 10% formalin. Brains were removed and then embedded in gelatin solution.
The 80 μm coronal sections were taken and stained with cresyl violet to localize the point of
infusion.
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Results
Figure 1 shows the mean CR percentage in the SMS (N = 5) and MSM (N = 4) groups in the
short-term study. The data from one animal in MSM group was removed from the analysis
because it had brain infection and died before the end of the experiment. In phase I (the first 8
days of experiments in both groups), the rabbits in SMS group, which were infused with saline,
learned normally and were able to reach the criterion following 4 days of training, following
which the CR expression continued to increase (M = 35.84, SD = 28.85). In contrast, IP nucleus
inactivation by muscimol completely prevented learning of the rabbits in MSM group (M
=6.83, SD = 4.51). Comparing CR% in SMS group with that in MSM group, analysis of
variance showed a highly significant difference between two groups, F(1,70) = 31.66, p <.001.
The analysis also revealed highly significant main effect for day of training in SMS group, F
(7,32) = 19.30, p <.001, but no significant main effect in MSM group, F(7,24) = 0.87, p >.05.

In phase II, (the second 4 days in SMS group and 8 days in MSM group), the IP nucleus
inactivation reduced CR expression significantly in SMS group, and there was no significant
difference between day of training (M = 12.44, SD = 8.52), F(3,16) = 0.16, p >.05. The statistical
analysis confirmed that there was strongly significant main effect between phase I and II of
SMS group, F(1,58) = 12.52, p =.001. Follow-up planned contrasts were conducted and showed
that the sum of the data in phase II (since there was no main effect between day of training)
differed significantly from the performance in phase I only during day 4th- day 8th of the
training, F(8,51) = 28.15, p <.05. However, in MSM group, the release of the IP nucleus
inactivation allowed the animals to learn CRs significantly over 8 days of training (M = 51.23,
SD = 30.05), F(7,24) = 5.87, p <.001, and the analysis showed the highly significant main
effect between phase I and II of SMS group, F(1,62) = 68.36, p <.001. Moreover, planned
contrast analysis indicated that not until the 3rd day of training in phase II, animals did not
show any significant learning differing from the that in phase I, F(8,55) = 30.91, p <.001. These
data indicated that the IP nucleus inactivation prevented the animals from acquiring the new
trace memory during phase I of MSM group, and also abolished CR expression of the
previously learned memory during phase II of the SMS group. But it must be noted that the
MSM group, when first trained without muscimol (starting day 9) learned faster than initial
learning by the SMS group (on day 3 of training, the SMS group showed 10% CR and the
MSM group showed 54% CR).

In phase III, (the final 8 days of the SMS group and 4 days of the MSM group), in the SMS
group, although CR% was totally blocked during the IP nucleus inactivation, the CR%
increased markedly upon the removal of inactivation (M = 62.82, SD = 24.17). The statistical
analysis showed a significant main effect for day of training during phase III, F(7,32) = 2.69,
p <.05, and there were apparently significant difference both between phase I and phase III,
and between phase II and phase III, F(1,78) = 20.55, p <.001 and F(1,58) = 81.23, p <.001,
respectively. Moreover, the contrast analysis indicated that the significant difference between
phase II and phase III started since the 1st day of training in phase III, F(8,51) = 17.14, p <.05,
compared to the 4th day of training in earlier case of phase I suggesting a saving of memory at
the beginning of phase III may be that the muscimol infusions in phase II interfered with a
consolidation process at the end of phase I. In the MSM group, muscimol abolished the learned
CR (M = 6.57, SD = 4.10), and there was also no significant main effect for day of training
during phase III, F(3,12) = 0.88, p >.05. As expected, analysis of variance showed no significant
main effect between phase I and III, but highly significant main effect between phase I and II,
F(1,46) = 0.04, p >.05 and F(1,46) = 34.66, p <.001, respectively. This effect was similar to
the effect of muscimol during phase II of the SMS group. The locations of the cannula tips are
shown in Figure 2.
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Experiment II (long-term study)
Methods

Subjects—Ten male New Zealand White rabbits (2.2 2.7 kg) were obtained and kept in the
same environment.

Surgery and apparatus—The same techniques and devices were applied.

Behavioral training—After one week of recovery, the animals underwent the same
preparation, habituation and training procedures. The only difference was the phase sequence
during the experiment, and it began with 8 days of acquisition training with the physiological
saline infusion. Those animals achieving the learning criteria (8 CRs in any block of 9 trials)
were selected and kept in their cages (rest) for a month. On the next day after the rest period,
the animals were distributed into 2 subgroups: the retention training (+RT) group in which the
animals received a day of training after the rest period, and the no retention training (−RT)
group in which there was no retraining. The animals in both groups were then trained daily
after being sequentially infused with muscimol for 2 days (days 40 and 41 in figure 3)
(inactivation), and then with saline for 8 days (reacquisition).

Behavioral analysis—The same techniques were applied.

Histology—The same techniques were applied.

Results
Figure 3 shows the mean CR percentage of +RT group (N = 4) and −RT group (N = 4) in the
long term study. Only eight out of ten rabbits in this group achieved the criterion. Data showed
that the expression of the trace conditioned response was reversibly abolished when the IP
nuclei were inactivated by muscimol and the long rest period did not effect the expression of
conditioned responses. With analysis of variance calculated from each phase of training
(acquisition, inactivation, and reacquisition), there was no significant main effect between the
two groups in all phases; acquisition phase (F(1,48) = 0.20, p >.05), inactivation phase (F
(1,12) = 2.59, p >.05), and reacquisition phase (F(1,48) = 0.40, p >.05), suggesting that both
groups represented the same sample. In the acquisition phase, the analysis revealed a highly
significant main effect for day of training, F(7,48) = 17.81, p <.001, and a significant interaction
between group and day of training, F(7,48) = 2.71, p <.05, showing the animals in both groups
learned significantly over the course of acquisition training.

In the inactivation phase, the IP nucleus inactivation by muscimol dramatically abolished the
long-term trace CR. The analysis of variance of both groups showed no significant main effect
for day of training, F(1,12) = 2.12, p >.05, and no significant interaction between group and
day of training, F(1,12) = 0.77, p >.05. In both −RT and +RT groups, the inactivation phase
differed significantly from the activation phase, F(1,38) = 5.99, p <.05 and F(1,38) = 8.82, p
<.01, respectively. The planned analysis showed that the difference occurred between the
inactivation phase and the acquisition phase only during day 5th – 8th in −RT group, and day
4th – 8th in +RT group, F(8,31) = 16.89, p <.05 and F(8,31) = 10.98, p <.05. Moreover, the
analysis of variance showed the highly significant difference between the inactivation phase
of +RT group and the retention day, F(1,10) = 72.31, p <.001. The contrast analysis also showed
the retention day differed significantly from the acquisition phase only on day 1st – 4th and day
7th of training, F(8,27) = 8.47, p <.05, suggesting that the resting period did not have any effect
on the amount of the stored memory.
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In the reacquisition phase, the animals from both groups showed the sudden increase of CR%
on the first day of reacquisition phase and quickly reached very high levels of CR%, indicating
marked savings of memory after the inactivation phase. The analysis of both group showed no
significant main effect for day of training, F(7,48) = 2.09, p >.05, and no significant interaction
between group and day of training, F(7,48) = 1.65, p >.05. However, on the first day of
reacquisition (day 42), the group that had retention training showed 70% CRs but the group
without retention training showed only 38% CR. Obviously, the analysis of both −RT and +RT
group showed highly significant difference between the reacquisition phase and the
inactivation phase, F(1,38) = 83.31, p <.001 and F(1,38) = 113.71, p <.001, respectively. To
compare the rate of learning between acquisition and reacquisition phases for each group, for
the −RT group, analysis of variance revealed a highly significant main effect for phases, F
(1,63) = 69.94, p <.001; a significant main effect for day of training, F(7,63) = 12.51, p <.001;
and a significant interaction between phase and day, F(7,63) = 4.80, p <.001. In the +RT group,
analysis showed a highly significant main effect for phase, F(1,63) = 71.20, p <.001; a
significant main effect for days of training, F(7,63) = 4.66, p <.001; and a significant interaction
between phase and day, F(7,63) = 2.93, p <.05. Therefore, the above data indicate that the IP
nuclei are essential for the expression of the long-term trace eyeblink conditioning memory.
The locations of the cannula tips are shown in Figure 4.

Discussion
In classical conditioning, a causal relationship is formed between two or more separate stimuli;
however, the temporal relationships of the stimuli vary greatly in nature and the brain has to
cope with this variation. In general, brain areas respond similarly to the stimuli in both delay
and trace eyeblink conditioning procedures. For example, hippocampus and the IP nucleus
show learning-induced increases in activity preceding and predicting the occurrence and
temporal form of the learned conditioned response in both delay and trace paradigms (Berger
& Thompson, 1978; Green & Arenos, 2007; McCormick et al., 1982; Solomon et al., 1986).
However, the brain areas necessary for each kind of memories are different, at least in part.

In the standard delay eyeblink conditioning procedure where there is no gap between CS and
US, it appears that only the cerebellum and its associated circuits are necessary for the
acquisition and maintenance of this kind of memory. It is clear that the cerebellar interpositus
nucleus is necessary and the cerebellar cortex plays a critically important role in normal
learning of delay EBC (see review by Christian & Thompson, 2003; Nores et al., 2000;
Thompson & Krupa, 1994; Woodruff-Pak & Steinmetz, 2000; Yeo & Hesslow, 1998). It is
our view (not shared by all) that the essential long-term memory trace for delay EBC is stored
in the interpositus nucleus (Christian & Thompson, 2003; 2005; Kleim et al., 2002; Weeks et
al., 2007).

For trace eyeblink conditioning, less is known about the circuitry. Although we might assume
that at least the CS and US pathways are shared by both trace and delay eyeblink conditioning
procedures, more brain circuits are required in order to acquire the trace memory e.g.
hippocampus and forebrain. The hippocampal lesion abolished only the recently formed, not
remotely formed, trace memory (Kim et al., 1995; Takehara et al., 2003). Moreover, Kotani et
al., 2003, reported that decerebrate guinea pigs could learn the trace eyeblink conditioning
procedure, although they required more training than normal animals. These data suggested
that the loci where the association is formed may be in the cerebellar circuitry. However it is
still not known to what extent forebrain structures may be involved in the long-term storage
of the memory trace for the trace eyeblink CR (Takahara et al., 2003; Woodruff-Pak and
Disterhoft, 2008). The data reported here show clearly that the IP is necessary for long-term
memory (expression) of the trace CR. However, there are suggestions in our data that structures
other than the cerebellum may play some role. Thus, in experiment 1 (Figure 1), the group first
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trained with muscimol (MSM) showed savings in subsequent acquisition compared to the
group initially trained without muscimol (SMS). See also the difference between the two groups
on day 42 in experiment 2.

But, the cerebellar cortex, surprisingly, seems not to play an important role in acquisition of
trace EBC, in marked contrast to its role in delay EBC (Woodruff-Pak and Disterhoft, 2008).
Several studies of mutant mice involving altered functions of neurons in cerebellar cortex show
impairments in delay EBC but not in trace EBC. Thus, mutant mice deficient in phospholipase
Cβ4 (PLCβ4) in Purkinje neurons in rostral cerebellar cortex show marked impairment in
cerebellar cortical long-term depression (LTD) and in standard delay conditioning, in contrast
to wild-type controls, but no impairment in the acquisition of the trace EBC (Kishimoto et al.,
2001a; Miyata et al., 2001). By the same token, mice lacking the glutamate subunit δ2 (glu R
δ 2 −1− ) show impairments in cerebellar cortical LTD and in delay but not trace EBC
(Kishimoto et al., 2001b,c). The CB1 cannabinoid receptor knock-out mice showed the severely
impaired performance in the delay EBC, but showed normal performance in the trace EBC
(Kishimoto & Kano, 2006). In a similar vein, deletion of a sodium channel gene (scn 8A;
Nav 1.6) which resulted in a 10-fold reduction in spontaneous firing and halved the maximum
firing rates selectively in Purkinje neurons, markedly impairs delay EBC (and acquisition of
the Morris Water Maze) but not trace EBC (Woodruff-Pak et al., 2006). All these findings
argue that normal mechanisms of cerebellar LTD and normal firing patterns are important for
normal learning of delay EBC but not trace EBC. In an imaging study, patients with pure
cerebellar cortex lesions, albeit not all cerebellar cortex, did not show impairment in the
acquisition of trace eyeblink conditioning, but patients with an IP lesion did show the
impairment (Gerwig et al., 2006).

In the present experiment, muscimol, which is a reversible GABA A receptor agonist,
inactivates the IP nucleus neurons upon infusion. Inactivation of the IP nucleus prevented
learning, and upon removal of inactivation, animals showed no CRs (anterograde amnesia).
Further, IP inactivation reversibly abolished expression of the previously learned memory,
both short- and long-term (retrograde amnesia). Since the IP nucleus inactivation caused both
prevention of learning and abolition of the learned response, it could be argued that the IP
nucleus is a storage site where the association between the CS and the US is formed, not only
for delay, but also for trace eyeblink conditioning. However, as noted above, this does not
preclude the possibility that one or more forebrain regions might also be necessary for long-
term storage of the trace memory.

Computational network models of eyeblink conditioning that focus on the cerebellum,
particularly “real-time” models, can account for many aspects of standard delay conditioning
(e.g., Gluck et al., 1990; 2001; Medina et al., 2000; Medina & Mauk, 2000; Moore et al.,
1989) but fail to account adequately for behavior in the trace procedure. As noted above, the
data indicate that when the gap between the stimuli the trace interval exceeds some species-
specific length, the cerebellum is no longer able to form the association between CS and the
US (Woodruff-Pak et al., 2006). Several top down models explicitly propose that the
hippocampus functions as a buffer in trace conditioning (Levy & Rodriguez, 2001; Yamasaki
& Tanaka, 2005), a possibility suggested earlier by Weiss et al. (1996). Interestingly, one top
down model (Gluck & Myers, 1993) concluded that the trace, per se, is not critical, rather it is
the long duration between CS onset and US onset, in either the trace or delay procedure that
is critical. Indeed, hippocampal lesions in rat impair the acquisition of very long delay
conditioning (Beylin et al., 2006).
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Figure 1.
The effect of IP nucleus inhibition on short-term memory for trace eyeblink conditioning. SMS,
saline-muscimol-saline infusion group; MSM, muscimol-saline-muscimol infusion group.
Solid lines = saline infusion; dotted lines = muscimol infusion. Muscimol infusion completely
prevents acquisition and completely abolishes retention of the short-term trace CR memory.
The numbers in the white boxed refer to the three phases of the study. See text.
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Figure 2.
Histological reconstruction of marking interpositus nucleus (IP) lesions on sections from the
short-term study. ANS = ansiform lobule; ANT = anterior lobe; PF = paraflocculus; IN =
interpositus nucleus; f = fibers; DE = dentate nucleus; FA = fastigial nucleus; cv = ventral crus;
icp = inferior cerebellar peduncle; IO = inferior olive; VN = vestibular nucleus; VCN = ventral
cochlear nucleus. Each dot represents the tip of infusion cannular seen in each brain slice. Due
to the localization technique, the some lesions could be found in more than one slice.
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Figure 3.
The effect of IP nucleus inhibition on long-term memory for trace eyeblink conditioning. Both
groups trained identically with no infusions for 8 days of initial acquisition and then given one
month of rest. The “with retention training” group were then given one day of additional
training and the “without retention training” group were not. Both groups were then given two
days of training with muscimol infusion (days 40 & 41) and then given eight days of saline
infusion. Muscimol infusion in the IP nucleus completely abolishes long-term retention of the
trace eyeblink CR memory.
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Figure 4.
Histological reconstruction of marking lesions of interpositus nucleus (IP) infusion sites on
cerebellar brain sections from the long-term study (abbreviations as in Figure 2). Each dot
represents the tip of infusion cannular seen in each brain slice. Due to the localization technique,
the some lesions could be found in more than one slice.
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