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We have previously shown that intracerebellar infusion of the neuropeptide secretin enhances the acquisition phase of eye-

blink conditioning (EBC). Here, we sought to test whether endogenous secretin also regulates EBC and to test whether the

effect of exogenous and endogenous secretin is specific to acquisition. In Experiment 1, rats received intracerebellar infu-

sions of the secretin receptor antagonist 5-27 secretin or vehicle into the lobulus simplex of cerebellar cortex immediately

prior to sessions 1–3 of acquisition. Antagonist-infused rats showed a reduction in the percentage of eyeblink CRs com-

pared with vehicle-infused rats. In Experiment 2, rats received intracerebellar infusions of secretin or vehicle immediately

prior to sessions 1–2 of extinction. Secretin did not significantly affect extinction performance. In Experiment 3, rats re-

ceived intracerebellar infusions of 5-27 secretin or vehicle immediately prior to sessions 1–2 of extinction. The secretin an-

tagonist did not significantly affect extinction performance. Together, our current and previous results indicate that both

exogenous and endogenous cerebellar secretin modulate acquisition, but not extinction, of EBC. We have previously shown

that (1) secretin reduces surface expression of the voltage-gated potassium channel a-subunit Kv1.2 in cerebellar cortex and

(2) intracerebellar infusions of a Kv1.2 blocker enhance EBC acquisition, much like secretin. Kv1.2 is almost exclusively ex-

pressed in cerebellar cortex at basket cell–Purkinje cell pinceaus and Purkinje cell dendrites; we propose that EBC-induced

secretin release from PCs modulates EBC acquisition by reducing surface expression of Kv1.2 at one or both of these sites.

Eyeblink conditioning (EBC) is a form of classical conditioning
that is a powerful model for studying the underlying neural mech-
anisms of learning and memory. In EBC, an initially neutral
conditioned stimulus (CS) is paired with an eyeblink-eliciting un-
conditioned stimulus (US). The CS is typically a tone or a light,
while the US is typically a mild periorbital shock or corneal air
puff. At the outset of conditioning, the US will elicit a reflexive
eyeblink. As training progresses, however, the organism will learn
to make an eyeblink conditioned response (CR) to the CS prior
to the onset of the US. In delay EBC, the CS and US overlap,
with the CS presentation occurring first and the US being present-
ed at the end of the CS period; the two stimuli terminate at the
same time. In extinction of EBC, the procedure is similar, but
the US is omitted.

Delay EBC engages a discrete brainstem–cerebellar circuit
(for review, see Thompson and Steinmetz 2009). Thus far, two
key sites of cerebellar synaptic plasticity supporting EBC have
been identified: select granule cell-to-PC synapses in cerebellar
cortex and pontine nuclei-to-interpositus nucleus neuron synaps-
es in the deep cerebellar nuclei (DCN). Acquisition and expression
of an eyeblink CR is dependent upon modulation of PC inhibition
of the IPN (Garcia and Mauk 1998; Garcia et al. 1999; Ohyama and
Mauk 2001; Bao et al. 2002; Aksenov et al. 2004; Ohyama et al.
2006; Sakamoto and Endo 2008; Parker et al. 2009; Poulos et al.
2009; Vogel et al. 2009; Kalmbach et al. 2010). Since PCs provide
the sole output of the cerebellar cortex through inhibitory projec-
tions to the DCN, of which the IPN is one (Harvey and Napper
1991), the IPN would be disinhibited through inhibition of PC fir-
ing. Disinhibition would allow the expression of eyeblink CRs in
response to strengthened pontine nuclei-to-IPN synapses (for re-
view, see Gao et al. 2012).

We have recently shown that infusion of the neuropeptide
secretin into cerebellar cortex facilitates delay EBC (Williams
et al. 2012). Other research has shown that secretin is expressed
in the somatodendritic region of PCs (Yung et al. 2001) and its
GS-protein coupled receptor is expressed in PCs and basket cells
(BCs) (Yung et al. 2001; Köves et al. 2002; Zhang et al. 2014).
Secretin release can be induced by depolarization of cerebellar tis-
sue with KCl and this secretin release is inhibited by an L-type or
a P/Q-type calcium channel blocker (Lee et al. 2005). Secretin in-
creases inhibitory postsynaptic currents (IPSCs) recorded from
PCs (Yung et al. 2001; Lee et al. 2005). Recently, it has been shown
that Pur-Sct2/2 mice, in which the secretin coding region is selec-
tively deleted from PCs, are impaired in rota-rod learning (Zhang
et al. 2014). All of these data are consistent with our working mod-
el in which secretin, released from PCs depolarized by US input,
promotes EBC by inhibiting PCs, which reduces inhibition on
the IPN. The mechanism for inhibition of PCs may be through a
reduction in surface expression of the voltage-gated potassium
channel a-subunit Kv1.2 at BC–PC synapses (see Discussion).

In the present set of experiments, we infused a secretin recep-
tor antagonist (5-27 secretin) into lobulus simplex of cerebellar
cortex to examine whether endogenous secretin modulates
EBC. We also examined whether exogenous and endogenous
secretin can modulate extinction of eyeblink CRs. Lobulus sim-
plex (lobule HVI) ipsilateral to the conditioned eye was chosen
as the infusion target for these experiments because previous infu-
sion studies in rabbits (Attwell et al. 2001, 2002; Cooke et al. 2004;
Kellett et al. 2010) and rats (Cartford et al. 2004) have indicated
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that this area of cerebellar cortex is important for EBC (Attwell
et al. 2001, 2002; Cooke et al. 2004; Kellett et al. 2010). In Exper-
iment 1, infusions of the secretin receptor antagonist, 5-27 secre-
tin, were made into the lobulus simplex of cerebellar cortex prior
to each of the first 3 d of EBC. Intracerebellar infusions of ex-
ogenous secretin facilitated EBC (Williams et al. 2012), so we pre-
dicted that blocking the secretin receptor should impair EBC.
Conditioning was continued for an additional 3 d with no infu-
sions in order to examine whether blocking secretin receptors in
cerebellar cortex produced more than short-term effects on per-
formance (cf. Attwell et al. 2001).

In Experiments 2 and 3, we examined whether secretin mod-
ulates extinction. Despite the importance of extinction as a learn-
ing process itself, the cellular mechanisms in the cerebellum that
underlie extinction of EBC are mostly unknown. Aspiration le-
sions of the anterior lobe of the cerebellum impair extinction
(Perrett and Mauk 1995). There is a recovery of Purkinje cell simple
spiking during extinction (Jirenhed et al. 2007; see also Gould and
Steinmetz 1996), which is proposed to be important in suppress-
ing the expression of the CR during extinction. Further support
for this idea comes from data showing that infusion of a GABA an-
tagonist into the IPN (pharmacologically disconnecting the IPN
from PCs) restores CRs even after extensive extinction training
(Medina et al. 2001). Thus, any change in PC modulation of the
IPN may in turn affect the rate of extinction. In Experiment 2,
intracerebellar infusions of secretin were made prior to extinction
sessions 1 or 2. We hypothesized that secretin infused prior to ex-
tinction would result in slowing of extinction by maintaining in-
hibition of PCs and, therefore, downstream disinhibition of the
IPN. In Experiment 3, we tested the effect of 5-27 secretin on
the extinction of CRs. Since intracerebellar infusions of 5-27 secre-
tin impaired EBC in Experiment 1, these same infusions made pri-
or to session 1 of extinction were predicted to facilitate extinction
by reducing inhibitory drive on PCs and, consequently, restoring
PC-mediated inhibition of the IPN.

Results

Prior to analyses, we verified all cannula placements for rats in
each of the experiments. Any rat whose cannula placement could
not be located in the lobulus simplex of the cerebellum ipsilateral
to the conditioned eye was removed from data analysis.

Experiment 1: endogenous secretin modulates delay EBC

Experiment 1a: delay EBC with interspersed CS and US probe trials

On the first day, rats were placed in experimental chambers and
received 100 no-stimulus trials to measure spontaneous eyeblink
activity. The following six conditioning sessions consisted of
80 CS–US paired trials (280-msec delay paradigm), and 10
CS-alone trials and 10 US-alone trials evenly spaced within the
CS–US paired trials, so that every five trials alternated between a
CS-alone and a US-alone trial. To determine the role of endoge-
nous secretin in cerebellar cortex, the secretin receptor antago-
nist, 5-27 secretin, (1.0 mL; 1.0 mg/mL; Ant; Anaspec) or vehicle
(1.0 mL; phosphate-buffered saline; Veh), was infused into the
lobulus simplex of cerebellar cortex ipsilateral to the conditioned
eye immediately prior to conditioning sessions 1–3 of six acquisi-
tion sessions. A total of 19 rats (9 Ant; 10 Veh) were included in the
analyses. A total of 14 rats were removed prior to data analysis due
to poor electromyographic (EMG) signals (n ¼ 11), difficulty with
infusions (n ¼ 2), or not being able to locate the cannula place-
ment (n ¼ 1).

The results suggest that while both groups learned, and there
was a trend for Group Veh rats to outperform Group Ant rats by the

last session, there were no statistically significant differences be-
tween groups. A 2 (group: Ant; Veh) by 3 (session: infusion days
1–3) repeated-measures ANOVA on the percentage of CRs in con-
ditioning sessions that took place immediately after infusions
yielded a significant main effect of session (F(2,34) ¼ 15.72, P ,

0.001), but no significant main effect of group (P ¼ 0.451) and
no significant interaction effect (P ¼ 0.735; Fig. 1A; gray area). A
second 2 (group: Ant; Veh) by 3 (session: noninfusion days 4–6)
repeated-measures ANOVA on percentage of CRs for the remain-
ing three conditioning days yielded a significant main effect of
session (F(2,34) ¼ 16.13, P , 0.001), but no significant main effect
of group (P ¼ 0.211) and no significant interaction effect (P ¼
0.363; Fig. 1A). This finding was corroborated by performance dur-
ing CS-alone trials (data not shown) where CRs were scored up to
150-msec after CS offset.

Next, we examined whether infusions had an effect on re-
flexive responding to the CS or US. A series of 2 (group: Ant;
Veh) by 3 (session: infusion days 1–3 or noninfusion days 4–6) re-
peated-measures ANOVAs on the percentage of startle responses
on CS–US paired trials or UR amplitude on US-alone trials yielded
no significant session (P’s . 0.05) or group (P’s . 0.05) main
effects and no significant interaction effects (P’s . 0.05), confirm-
ing that there were no differences between the groups on reflexive
responses to the stimuli. Finally, we did not observe any system-
atic differences between the groups on other secondary measures,

Figure 1. (A) Experiment 1A: mean+SEM percentage of eyeblink CRs
as a function of session for rats who received 1.0 mL intracerebellar infu-
sions of 5-27 secretin (1 mg/mL) or vehicle prior to the first three sessions
of acquisition (gray area) in the first 5-27 secretin and acquisition experi-
ment (80 CS–US trials per session, with interspersed CS and US probe
trials). (B) Experiment 1B: mean+SEM percentage of eyeblink CRs as a
function of session for rats who received 1.0 mL intracerebellar infusions
of 5-27 secretin (1 mg/mL) or vehicle prior to the first three sessions of ac-
quisition (gray area) in the second 5-27 secretin and acquisition experi-
ment (100 CS–US trials per session with no interspersed probe trials).
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including CR amplitude during CS–US trials (P’s . 0.05), CR on-
set latency during CS–US trials (P’s . 0.05), and CR peak latency
during CS-alone trials (P’s . 0.05).

The results from this experiment did not support our hy-
pothesis that infusions of 5-27 secretin would impair EBC. We
did, however, observe slower learning than expected from Group
Veh for a 280-msec delay procedure. This may be a function of
20% of the trials in each session being unreinforced probe trials.
In addition, it appeared that there were fewer CRs in Group Ant
in the final session of acquisition, although this did not reach
the conventional level of statistical significance (P ¼ 0.14).
Given our hypothesis that 5-27 secretin would impair EBC, the
slow learning in Group Veh may have made it more difficult to ob-
serve slower learning in Group Ant, at least within the six sessions
of EBC that we conducted. In order to examine this possibility, a
second experiment was conducted in which we used a procedure
to increase the rate of EBC.

Experiment 1b: delay EBC without interspersed probe trials

In Experiment 1b, we used the same procedure as in Experiment
1a but replaced the probe trials with CS–US trials so that all 100
trials in each session were CS–US paired trials. Six rats were re-
moved prior to data analysis due to poor EMG signals (n ¼ 5) or
poor bipolar electrode placement (n ¼ 1). A total of 29 rats (14
Ant; 15 Veh) were included in the analyses.

Overall, the findings from Experiment 1b showed that intra-
cerebellar infusion of 5-27 secretin did impair EBC, supporting the
hypothesis that secretin release is important for normal acquisi-
tion of EBC. A 2 (group: Ant; Veh) by 3 (session: infusion days
1–3) repeated-measures ANOVA on percentage of CRs revealed a
significant main effect of session (F(2,54) ¼ 42.90, P , 0.001), but
no significant main effect of group (P ¼ 0.167) and no significant
interaction effect (P ¼ 0.148; Fig. 1B; gray area). A second 2 (group:
Ant; Veh) by 3 (session: noninfusion days 4–6) repeated-measures
ANOVA on percentage of CRs revealed a significant main effect
of group (F(1,27) ¼ 4.60, P ¼ 0.041) but no significant main effect
of session (P ¼ 0.114) and no significant interaction effect (P ¼
0.876; Fig. 1B; white area). The fact that we did not observe a sig-
nificant main effect of session during the last 3 d of conditioning
suggested that groups had reached asymptote with regard to per-
centage of CRs. The main effect of group suggested that infusions
of 5-27 secretin impaired conditioning in Group Ant (Fig. 1B).

To further investigate the difference between groups in post-
infusion sessions 4–6 of Experiment 1b, we conducted addition-
al analyses. It appeared that vehicle-infused rats had begun to
outperform antagonist-infused rats in the final infusion session
(acquisition session 3), although a one-way ANOVA comparing
groups in session 3 did not attain statistical significance (P ¼
0.108). Figure 2 illustrates this even more clearly by showing the
percentage of CRs in each session as a function of 20-trial block
within the session; it is clear from these data that antagonist-
infused rats are already showing fewer CRs than vehicle-infused
rats. Thus, differences in percentage of CRs between groups in
sessions 4–6 were likely due to carryover from session 3. Consis-
tent with this interpretation, a 2 (group: Ant; Veh) by 3 (session:
noninfusion days 4–6) repeated-measures ANOVA on percentage
of CRs, with percentage of CRs in session 3 as a covariate, abol-
ished the significant group effect (F(1,26) ¼ 1.66, P ¼ 0.209). This
strongly suggests that differences in performance in sessions 4–
6 were a function of differences in performance in the final infu-
sion session, session 3.

To confirm that intracerebellar infusions of 5-27 secretin pri-
or to acquisition did not change the reflexive startle response to
the CS, we analyzed the percentage of startle responses to the
CS. Two 2 (group: Ant; Veh) by 3 (session: infusion days 1–3 or

noninfusion days 4–6) repeated-measures ANOVAs yielded no sig-
nificant main effects of group (P’s . 0.05) or session (P’s . 0.05).
Furthermore, there were no systematic differences between the
groups on CR onset latency (P’s . 0.05). The only other difference
observed between the groups was a trend for CR amplitude to be
larger in Group Veh compared with Group Ant in noninfusion
sessions 4–6 (F(1,27) ¼ 3.84 P ¼ 0.06).

Experiment 2: exogenous secretin

does not modulate extinction
Infusing secretin or 5-27 secretin into cerebellar cortex prior to
EBC facilitates (Williams et al. 2012) or impairs (Experiment 1b)
acquisition, respectively. We hypothesized that infusions of se-
cretin into cerebellar cortex would slow extinction by prolong-
ing expression of CRs. Rats underwent one adaptation session
and six sessions of 280-msec delay EBC without infusions. Sub-
sequently, rats were assigned to one of three conditions: Secre-
tin–Vehicle (Sec–Veh), Vehicle–Secretin (Veh–Sec), or Vehicle–
Vehicle (Veh–Veh). These conditions correspond to what

Figure 2. Experiment 1B: (A) Mean+SEM percentage of eyeblink CRs
as a function of 20 trial block of trials within sessions for rats who received
1.0 mL intracerebellar infusions of 5-27 secretin (1 mg/mL) or vehicle prior
to the first three sessions of acquisition (gray area) in the second 5-27
secretin and acquisition experiment (100 CS–US trials per session with
no interspersed probe trials). (B) Individual trial of a vehicle-infused rat
in session 2 of acquisition. Amplified, full-wave rectified, smoothed
(10-msec time constant), and timed-shifted (10-msec to compensate
for smoothing) eyelid EMG of an eyeblink CR to the tone CS.
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intracerebellar infusions the groups received on the first 2 d of ex-
tinction. For example, rats in the Sec–Veh group received an infu-
sion of secretin on the first day of extinction and an infusion of
vehicle on the second day. No infusions were made on the third
day of extinction. These groups were formed in order to compare
between extinction learning and expression of extinction. Forty-
three rats were included in the analyses for this experiment (15
Sec–Veh; 14 Veh–Sec; 14 Veh–Veh). Rats were excluded from
the analyses if they did not meet the learning criterion of 60%
CRs in session 6 of acquisition (n ¼ 9), if they exhibited poor
EMG signals (n ¼ 4), or if cannula placement could not be verified
(n ¼ 5).

During the acquisition phase of the experiment (when no in-
fusions were made), all groups reached an asymptote of �80% CRs
(Fig. 3) and a one-way ANOVA comparing groups on day 6 of ac-
quisition showed that there was no difference between the groups
in percentage of CRs on the final day of acquisition (F(2,40) ¼ 1.90,
P ¼ 0.163). Intracerebellar infusions of either secretin (1.0 mL;
1.0 mg/mL) or vehicle (1.0 mL; phosphate-buffered saline), based
on group assignment, were made immediately prior to the first
2 d of extinction. The two infusion sessions were analyzed sepa-
rately from the final day of extinction. A 3 (group: Sec–Veh;
Veh–Sec; Veh–Veh) by 2 (session: extinction sessions 1–2) re-
peated-measures ANOVA revealed a significant main effect of ses-
sion (F(1,40) ¼ 51.38, P , 0.001). However, there was no significant
main effect of group (F(2,40) ¼ 1.83, P ¼ 0.173) or interaction effect
(F(2,40) ¼ 0.494, P ¼ 0.614) (Fig. 3). Since the Veh–Sec and Veh–
Veh groups were treated identically in extinction session 1, we
also compared the percentage of CRs in extinction session 1 be-
tween Group Sec–Veh and a vehicle-treated group comprised of
Groups Veh–Sec and Veh–Veh rats. A one-way ANOVA revealed
no significant difference between these reconfigured groups in ex-
tinction session 1 (F(1,41) ¼ 2.58, P ¼ 0.116). A one-way ANOVA
was also conducted to compare Group Veh–Sec and Group
Veh–Veh in percentage of CRs in extinction session 2; this
ANOVA revealed no significant effect of intracerebellar secretin
on expression of CRs in extinction (F(1,26) ¼ 0.062, P ¼ 0.806). A
one-way ANOVA revealed no significant difference between the
groups on the last day of extinction (F(2,39) ¼ 0.668, P ¼ 0.519).
Analyses of other dependent measures during extinction did not
yield any significant group differences (P’s . 0.05). The results

from this experiment show that, contrary to our hypothesis, secre-
tin did not impair extinction of eyeblink CRs, although a (nonsig-
nificant) slowing trend was evident in Group Sec–Veh, which
underwent intracerebellar secretin infusion prior to the first ses-
sion of extinction.

Experiment 3: endogenous secretin

does not modulate extinction
The criterion for inclusion in this experiment was the same as in
Experiment 2. Infusions were only made on the first 2 d of extinc-
tion and there were two groups in this experiment: 5-27 Secretin–
Vehicle (Ant–Veh) and Vehicle–Vehicle (Veh–Veh), indicating
what was infused on each of the two infusion days. A total of 23
rats were included in the analyses (12 Ant–Veh; 11 Veh–Veh).
Three rats were removed from the analysis because they either
did not meet the criterion for acquisition (n ¼ 1) or because we
were unable to determine the cannula placement in the lobulus
simplex of the cerebellar cortex (n ¼ 2).

During each of the conditioning sessions, rats were presented
with 80 CS–US paired trials and 20 CS-alone trials. The CS-alone
trials were intermixed with the CS–US trials so that in each block
of 10 trials, eight were CS–US paired trials and two were CS-alone
trials. The CS-alone trials were pseudorandomly spaced in each
block of 10 trials so that the animal was not able to “anticipate”
the next CS-alone trial. This was done in an attempt to slow sub-
sequent extinction so that any facilitation of extinction by intra-
cerebellar infusion of 5-27 secretin could be revealed. Both groups
reached an asymptote of �80% CRs (Fig. 4) and a one-way ANOVA
comparing groups on day 6 of acquisition showed that there was
no difference between the groups in percentage of CRs on the final
day of acquisition (F(1,21) ¼ 0.084, P ¼ 0.775).

Intracerebellar infusions of either 5-27 secretin (1.0 mL; 1.0
mg/mL) or vehicle (1.0 mL; phosphate-buffered saline), based on
group assignment, were made immediately prior to the first 2 d
of extinction. As can be seen in Figure 4, there was no difference
between the groups in the rate of extinction. This finding was con-
firmed by a 2 (group: Ant–Veh; Veh–Veh) by 2 (session: extinc-
tion session 1–2) repeated-measures ANOVA on the percentage
of CRs, which yielded a significant main effect of session
(F(1,21) ¼ 34.61, P , 0.001), but no main effect of group (F(1,21) ¼

1.55, P ¼ 0.227) or interaction effect (F(1,21) ¼ 0.436, P ¼ 0.516).
A one-way ANOVA revealed no significant difference between
the groups on the last day of extinction (F(1,20) ¼ 1.264, P ¼
0.274). Analyses of secondary measures during extinction did
not yield any significant group differences (P’s . 0.05). The results
show that infusions of 5-27 secretin into the cerebellar cortex of
rats did not alter extinction of eyeblink CRs.

Histological analysis
Figure 5 shows an example of a confirmed cannula placement in
the lobulus simplex of cerebellar cortex. Cannula placements of
rats included in the analyses were confirmed to be within the
lobulus simplex of the cerebellar cortex; otherwise, the rat was re-
moved from data analysis.

Discussion

In Experiment 1, we showed that 5-27 secretin, a secretin receptor
antagonist, impaired EBC when infused into the lobulus simplex
of cerebellar cortex prior to acquisition sessions 1–3. This finding
compliments our previous finding that secretin facilitated EBC
when infused into lobulus simplex of cerebellar cortex prior to ac-
quisition sessions 1–3 (Williams et al. 2012). Since secretin is en-
dogenously expressed in PCs in cerebellar cortex (Yung et al. 2001;
Köves et al. 2002; Zhang et al. 2014), is released when PCs are

Figure 3. Experiment 2: mean+SEM percentage of eyeblink CRs as a
function of session for adaptation, acquisition and extinction. Sec–Veh
rats received 1.0 mL intracerebellar infusion of secretin (1 mg/mL) prior
to extinction session 1 and 1.0 mL intracerebellar infusion of vehicle
prior to extinction session 2 (gray area). Veh–Sec rats received 1.0 mL
intracerebellar infusion of vehicle prior to extinction session 1 and 1.0
mL intracerebellar infusion of secretin (1 mg/mL) prior to extinction
session 2 (gray area). Veh–Veh rats received 1.0 mL intracerebellar infusion
of vehicle prior to extinction sessions 1 and 2.
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depolarized (Lee et al. 2005), and increases IPSCs in PCs (Yung
et al. 2001; Lee et al. 2005), secretin may modulate EBC via inhi-
bition of PCs and a concomitant disinhibition of the IPN.

Secretin’s effects on EBC may be through the regulation of
Kv1 channels containing the a-subunit Kv1.2 at BC–PC synapses
in cerebellar cortex. Kv1.2 is densely expressed in the cerebellum
at BC–PC synapses and in PC dendrites (Laube et al. 1996; Koch
et al. 1997; Chung et al. 2001). Blocking these channels increases
the rate and amplitude of miniature IPSCs (mIPSCs) recorded in
PCs (Southan and Robertson 1998a,b; 2000). We have shown
that secretin reduces surface Kv1.2 and increases internalized
Kv1.2 in cerebellum, without affecting total Kv1.2 (Williams
et al. 2012). Secretin-induced reduction in surface Kv1.2 is medi-
ated by an adenyl cyclase (AC)-protein kinase A (PKA) signaling
cascade that induces Kv1.2 endocytosis; secretin does not reduce
surface Kv1.2 in the presence of an AC inhibitor (SQ-22536) or
a PKA inhibitor (KT-5720) and the reduction in surface Kv1.2
is dynamin-dependent (Williams et al. 2012). Stimulation of
PCs by blocking inhibitory input also re-
duced surface Kv1.2, an effect that was
blocked by the secretin receptor antago-
nist 5-27 secretin (Williams et al. 2012).
The reduction in surface Kv1.2 occurs at
both the BC–PC pinceaus and in PC den-
drites (Williams et al. 2012).

All of the above results are consistent
with a model in which PCs, strongly de-
polarized by US input during EBC, release
secretin. Secretin, acting as a retrograde
messenger, decreases surface expression
of Kv1.2 on BC axon terminals. Subse-
quently, when the CS activates BCs via
parallel fibers (PFs), those BCs with re-
duced surface Kv1.2 will provide greater
inhibitory input to PCs than other BCs
with more surface Kv1.2. Thus, BCs with
reduced surface expression of Kv1.2 will
be in a position to more strongly inhibit
the PCs with which they form synapses,
PCs that also receive the US via climbing
fiber input. Increased inhibition of PCs
would be expected to disinhibit the IPN.
When combined with an increase in the
number of mossy fiber axons from the au-

ditory region of the pontine nuclei to the IPN and the number of
excitatory synapses in the IPN (Kleim et al. 2002; Boele et al.
2013), this would allow acquisition and/or expression of eyeblink
CRs. Mittmann et al. (2005) have shown that feed-forward inhibi-
tion (FFI) is a mechanism by which spike output from PCs may be
regulated. Thus, FFI could complement long-term depression
(LTD) at PF–PC synapses as a learning mechanism for EBC, by pro-
viding inhibition of PC spontaneous activity. Without FFI, PC
spontaneous activity would still be present after PF–PC LTD, mak-
ing an inhibitory mechanism seem necessary (Hesslowet al. 2013).

It is increasingly unclear exactly what role PF–PC LTD plays
in EBC. On the one hand, EBC is impaired in mice with altered
function or expression of mGluR1 (Aiba et al. 1994; Kishimoto
et al. 2002; Ohtani et al. 2014) or GluRd2 (GRID2) (Kishimoto
et al. 2001a,b; Kakegawa et al. 2008), both of which are important
for PF–PC LTD (Gao et al. 2012). On the other hand, mice lacking
PF–PC AMPA receptor suppression, a mechanism of LTD expres-
sion, show normal EBC (Schonewille et al. 2011). EBC is associated
with an increase in PC dendritic excitability, not the decrease in
excitability that would be expected with PF–PC LTD (Schreurs
et al. 1997). Interestingly, both secretin, which suppresses surface
Kv1.2 in PC dendrites (Williams et al. 2012) and tityustoxin-Ka, a
selective Kv1.2 blocker, also increase PC dendritic excitability
(Khavandgar et al. 2005; Williams et al. 2012). Combined with
the current data showing that intracerebellar infusion of a secretin
antagonist impairs EBC and our previous data showing that intra-
cerebellar infusion of TsTX or secretin facilitates EBC (Williams
et al. 2012), it may be the case that secretin and Kv1.2 are impor-
tant for EBC through signaling pathways that are independent of
AMPAR suppression at PF–PC synapses. EBC may suppress Kv1.2
in PC dendrites, enhancing the influence of inputs to those PCs,
which might be related to the finding that EBC is impaired in
mice with dysfunctional PF–PC long-term potentiation (i.e.,
Schonewille et al. 2010). EBC might also suppress Kv1.2 in BC–
PC pinceaus, reducing excitability of outputs from PCs to the
IPN, which may be related to the finding that adaptation of the
vestibular-ocular reflex (another form of cerebellar-dependent
motor learning) is impaired with dysfunctional inhibitory inter-
neuron input to PCs (Wulff et al. 2009). Finally, mGluR1 and
GluRd2 might be important for EBC not because their activation

Figure 4. Experiment 3: mean+SEM percentage of eyeblink CRs as a
function of session for adaptation, acquisition and extinction. Ant–Veh
rats received 1.0 mL intracerebellar infusion of 5-27 secretin (1 mg/mL)
prior to extinction session 1 and 1.0 mL intracerebellar infusion of vehicle
prior to extinction session 2 (gray area). Veh–Veh rats received 1.0mL intra-
cerebellar infusion of vehicle prior to extinction sessions 1 and 2.

Figure 5. Representative internal cannula tip placement (arrow). (SIM) lobulus simplex of cerebellar
cortex; (CRUS1) Crus I of cerebellar cortex; (LAT) lateral deep cerebellar nucleus; (IPN) interpositus deep
cerebellar nucleus; (MED) medial deep cerebellar nucleus; (ICP) inferior cerebellar peduncle; (4V)
fourth ventricle.
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suppresses PF–PC AMPARs but because their activation reduces
surface Kv1.2 in PC dendrites and BC–PC pinceaus.

Unlike EBC acquisition, secretin does not appear to play a
strong role in extinction of EBC. We reasoned that infusing secre-
tin prior to extinction training would artificially maintain inhibi-
tion of PCs and downstream disinhibition of the IPN, thereby
slowing extinction. However, we observed neither an impairment
of extinction with intracerebellar infusions of secretin nor a facil-
itation of extinction with intracerebellar infusions of the secretin
receptor antagonist 5-27 secretin. Within the cerebellar cortex,
the cellular mechanisms underlying extinction of eyeblink CRs re-
main elusive; a recent study showed that, unlike acquisition, ex-
tinction of eyeblink CRs can occur even without functional PF–
PC synapses (Emi et al. 2013). What is known about a role for
the cerebellar cortex in extinction of eyeblink CRs is that large le-
sions of the anterior lobe impair extinction (Perrett and Mauk
1995), there is recovery of simple spiking by PCs during extinction
training (Jirenhed et al. 2007; see also Gould and Steinmetz 1996),
and infusion of a GABA antagonist into the IPN, which putatively
disconnects the IPN from PCs, restores CRs even after extensive
extinction training (Medina et al. 2001). However, the cerebellar
cortical mechanism underlying the recovery of PC simple spiking
and restoration of PC inhibition of the IPN accompanying extinc-
tion may not be the opposite of what occurs during acquisition;
indeed, the rapid rate of extinction of eyeblink CRs compared
with the relatively slow rate of acquisition of eyeblink CRs may
be a behavioral indicator that acquisition and extinction are not
mediated by opposite mechanisms at the cerebellar cortical level.

Secretin release from depolarized PCs, presynaptic reduction
of surface Kv1.2 and subsequent increased inhibition of PCs ap-
pears similar to depolarization-induced potentiation of inhibition
(DPI) in which the release of glutamate from depolarized PCs ac-
tivates presynaptic NMDA receptors and increases inhibition of
PCs (Duguid and Smart 2004; Duguid et al. 2007). For example,
depolarization of PCs increases mIPSC amplitude in PCs (“re-
bound potentiation” of GABA receptors) for at least 10-min after
the depolarization ends, and also produces an initial and brief
decrease in mIPSC frequency (depolarization-induced suppres-
sion of inhibition; DSI) followed by an increase in mIPSC frequen-
cy (DPI) that lasts for several minutes (Duguid and Smart 2004).
DPI, but not DSI, is blocked by an NMDA antagonist, while the re-
verse was true with a CB1 antagonist. Glutamate release by depo-
larized PCs also involves autocrine activation of metabotropic
glutamate receptors on PC dendrites (Duguid et al. 2007); given
the presence of secretin receptors on PCs (Yung et al. 2001), secre-
tin release by depolarized PCs would also be able to act as an auto-
crine signal. These autocrine effects may provide a link with PF–
PC postsynaptic LTD.

In conclusion, we have shown that intracerebellar infusion
of a secretin receptor antagonist (5-27 secretin) impairs EBC, com-
plementing our previous results showing that intracerebellar infu-
sion of secretin facilitates EBC. In contrast, neither intracerebellar
infusion of secretin nor intracerebellar infusion of 5-27 secretin
had any effect on extinction of EBC. Collectively, this and our
previous work (Williams et al. 2012), suggest that the facilitatory
effect of cerebellar secretin in EBC, whether endogenous or exog-
enous, is specific to acquisition. We propose that secretin’s effects
on EBC acquisition are through a reduction of surface Kv1.2 in
BC–PC pinceaus and PC dendrites.

Materials and Methods

Subjects
Male Wistar rats were purchased from Harlan (Indianapolis, IN) or
Charles River (Quebec, Canada) and housed in pairs upon arrival
with access to food and water ad libitum. Rats were single housed

after surgery. The colony room was maintained on a 12-h light–
dark cycle (lights on at 7:00 a.m. and off at 7:00 p.m.). Rats
weighed 300–400 g prior to surgery. All testing took place during
the light phase of the schedule and all procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) of
the University of Vermont.

Surgery
Surgeries took place 4–6 d after arrival. Surgeries were performed
under aseptic conditions. Rats were anesthetized with 3% isoflur-
ane in oxygen. During the surgery, a 7-mm stainless steel 22-gauge
guide cannula (Plastics One) was implanted into the lobulus
simplex of the cerebellar cortex (AP: 211.3 from bregma; ML:
22.5; DV: 23.1; infusion at DV: 24.1). After securing the cannula
to the skull with dental cement, an 8-mm dummy cannula was
placed in the guide cannula and secured with screw threads. The
dummy cannula served to seal the guide cannula to prevent infec-
tion and to prevent the guide cannula from becoming obstructed
prior to infusions. A bipolar stimulation electrode (Plastics One)
was positioned subdermally immediately dorsocaudal to the ipsi-
lateral eye. Two EMG wires for recording activity of the external
muscles of the eyelid, the orbicularis oculi, were constructed
from two strands of 75-mm Teflon coated stainless steel wire sol-
dered at one end to a ministrip connector. The other end of the
wire was passed subdermally to penetrate the skin of the upper
eyelid of the eye ipsilateral to the guide cannula. A ground wire
was wrapped around two skull screws at one end and the other
end was soldered to the ministrip connector. The cannula, mini-
strip connector, and stimulation bipolar electrode were cemented
to the skull with dental cement. The wound was numbed with a
local injection of 0.1 mL bupivacaine, spread out over three points
around the wound. The wound was salved with antibiotic oint-
ment (Povidone), and an analgesic (buprenorphine) and fluids
(lactated Ringers) were administered (s.c.) immediately after sur-
gery. Analgesic was administered twice the following day. Rats
were given 5–6 d to recover prior to eyeblink conditioning.

Apparatus
Eyeblink conditioning took place in one of four identical testing
chambers (30.5 × 24.1 × 29.2 cm; Med-Associates), each with a
grid floor. The top of the chamber was altered so that a 25-channel
tether/commutator could be mounted to it. Each testing chamber
was kept within a separate electrically shielded, sound-attenuat-
ing chamber (45.7 × 91.4 × 50.8 cm; BRS-LVE, Laurel, MD). A
fan in each sound-attenuating chamber provided background
noise of �60 dB sound pressure level. A speaker was mounted
in each corner of the rear wall and a light (off during testing)
was mounted in the center of the rear wall of each chamber.
The sound-attenuating chambers were housed within a walk-in
sound-proof chamber.

Stimulus delivery was controlled by a computer running
Spike2 software (CED). A 2.8 kHz, 80 dB tone, delivered through
the left speaker of the sound-attenuating chamber, served as the
CS. The CS was 295-msec in duration. A 15-msec, 4.0-mA unipha-
sic periorbital stimulation, delivered from a constant current stim-
ulator (model A365D; World Precision Instruments), served as
the US during conditioning. Recording of the eyelid EMG activity
was controlled by a computer interfaced with a Power 1401 high-
speed data acquisition unit and running Spike2 software (CED).
Eyelid EMG signals were amplified (10K) and bandpass filtered
(100–1000 Hz) prior to being passed to the Power 1401 and
from there to the computer running Spike2. Sampling rate was
2 kHz for EMG activity. The Spike2 software was used to full-wave
rectify, smooth (10 msec time constant), and time shift (10 msec,
to compensate for smoothing) the amplified EMG signal to facil-
itate behavioral data analysis.

Eyeblink conditioning procedure
At the beginning of each session, each rat was plugged in, via the
connectors cemented to its head, to the 25-channel tether/
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commutator, which carried leads to and from peripheral equip-
ment and allowed the rat to move freely within the testing box.
On day 1 (adaptation), rats were plugged in but no stimuli were de-
livered. They remained in the chamber for 60 min (the approxi-
mate length of a training session). Spontaneous eyelid EMG
activity was sampled for the same duration and at the same time
points as during the subsequent conditioning sessions (i.e., 2
sec samples with an average intertrial interval (ITI) of 30 sec and
a range of 20–40 sec). On days 2–7 (conditioning), rats received
100 trials per day, with an average ITI of 30 sec (range ¼ 20–40
sec). In Experiment 1a, each block of 10 trials consisted of the fol-
lowing trial sequence: 4 CS–US trials (CS preceding and cotermi-
nating with the US), 1 CS-alone trial, 4 CS–US trials, and 1
US-alone trial. In Experiments 1b and 2, all 100 trials were CS–
US trials. In Experiment 3, each block consisted of 2 CS-alone tri-
als and 8 CS–US trials. The position of the CS-alone trials within
each block changed across blocks. Finally, in Experiments 2 and 3,
rats underwent extinction training on days 8–10. Extinction ses-
sions each consisted of 100 CS-alone trials.

Prior to the first 3 d of conditioning (Experiments 1a and 1b)
or the first 2 d of extinction (Experiments 2 and 3), rats received
an intracerebellar infusion of 1mL of either 1mg/1mL 5-27 secretin
(Ant; Experiments 1a, 1b, and 3), 1 mg/1 mL secretin (Sec; Experi-
ment 2) or phosphate-buffered saline vehicle (Veh; all experi-
ments). The volume and concentration of secretin was the same
as was used in Williams et al. (2012), where we observed a facilita-
tion of EBC acquisition; we elected to use the same volume
and concentration of 5-27 secretin in the current experiments.
For infusions, the dummy cannula was removed and a 28-gauge
internal cannula was inserted into the guide cannula. The internal
cannula protruded 1 mm below the guide cannula tip, making the
final infusion depth 4.1 mm below bregma. Infusions were made
with a 10-mL Hamilton syringe loaded onto an infusion pump (KD
Scientific) set to deliver 1 mL of solution over 2 min. At the end of
the infusion period, the internal cannula remained in place an ad-
ditional 1 min to allow diffusion of the infused solution away
from the cannula tip. Subsequently, the internal cannula was re-
moved, the dummy cannula was replaced, the rats were plugged
in, and the EBC session began. Rats were infused and tested in
groups of four (two from each group). Infusions took place �15
min prior to the start of the EBC session.

Histology
Within �24 h after the final session, rats were overdosed with
sodium pentobarbital (150 mg/kg) and transcardially perfused
with 0.9% saline followed by 10% buffered formalin. A small
DC electrolytic lesion (100 mA, �10 sec) was made by passing cur-
rent through an electrode made from a 000 gauge insect pin in-
sulated (except for 0.5 mm on the tip) with nail polish, that
was placed into the guide cannula, with the tip extending out of
the guide cannula by �1.0 mm. The brain was removed and stored
in 10% buffered formalin. Four or 5 d prior to sectioning, the
brain was transferred to a 30% sucrose/10% buffered formalin so-
lution. Before sectioning, cerebella were embedded in albumin–
gelatin. Frozen sections of the cerebellum were taken at 60 mm.
Tissue was mounted on gelatin-coated glass slides, stained with
Prussian blue (for iron deposits left by the marking lesions) and
cresyl violet (for cell bodies) and cover slipped with Permount.

Behavior analysis
For the conditioning sessions, CS–US trials were subdivided into
four time periods: (1) a “baseline” period, 280 msec prior to CS on-
set; (2) a nonassociative “startle” period, 0–80 msec after CS on-
set; (3) a “CR” period, 81–280 msec after CS onset; and (4) a
“UR period,” 65–165 msec after US onset (the first 65 msec is ob-
scured by the stimulation artifact). On CS-alone trials, the “CR”
period extended for 150 msec after CS offset to capture CRs that
may normally be masked by the US. In order for a response to
be scored as a CR, eyeblinks had to exceed the mean baseline ac-
tivity for that trial by 0.5 arbitrary units (where these units had
a range of 0.0–5.0) during the CR period. Eyeblinks that met

this threshold during the startle period were scored as startle re-
sponses and were analyzed separately. Trials in which eyeblinks
exceeded 1.0 arbitrary unit during the baseline period were dis-
carded. Comparable scoring intervals and criteria were used to
evaluate spontaneous blink rate during the initial adaptation
day when no stimuli were administered. The primary dependent
measure for all experiments was the percentage of CRs across
all CS–US (acquisition) or CS-alone (extinction) trials of each
session.

For the percentage of CRs for all experiments, data were ana-
lyzed using repeated-measures ANOVAs. Separate ANOVAs were
conducted on data from infusion sessions and noninfusion ses-
sions. We computed all statistical analyses using SPSS 21.0. An a

level of 0.05 was set as the rejection criterion for all statistical tests.
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