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Previous studies have shown changes in membrane properties of
neurons in rat deep cerebellar nuclei (DCN) as a function of develop-
ment, but due to technical difficulties in obtaining viable DCN slices
from adult animals, it remains unclear whether there are learning-
related alterations in the membrane properties of DCN neurons in
adult rats. This study was designed to record from identified DCN cells
in cerebellar slices from postnatal day 25–26 (P25–26) rats that had a
relatively mature sensory nervous system and were able to acquire
learning as a result of tone–shock eyeblink conditioning (EBC) and to
document resulting changes in electrophysiological properties. After
electromyographic electrode implantation at P21 and inoculation with
a fluorescent pseudorabies virus (PRV-152) at P22–23, rats received ei-
ther four sessions of paired delay EBC or unpaired stimulus presen-
tations with a tone conditioned stimulus and a shock unconditioned
stimulus or sat in the training chamber without stimulus presentations.
Compared with rats given unpaired stimuli or no stimulus presenta-
tions, rats given paired EBC showed an increase in conditioned responses
across sessions. Whole-cell recordings of both fluorescent and nonfluo-
rescent DCN projection neurons showed that delay EBC induced signif-
icant changes inmembrane properties of evoked DCN action potentials
including a reduced after-hyperpolarization amplitude and shortened
latency. Similar findings were obtained in hyperpolarization-induced
rebound spikes of DCN neurons. In sum, delay EBC produced signifi-
cant changes in the membrane properties of juvenile rat DCN pro-
jection neurons. These learning-specific changes in DCN excitability
have not previously been reported in any species or task.
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Eyeblink conditioning (EBC) has been widely regarded as a good
model for studying the neural mechanisms underlying learning

and memory because of the well-understood neural circuitry and the
well-defined parameters influencing the rate and strength of EBC
(1–4). The basic cerebellar circuitry underlying tone–shock EBC
comprises sensory inputs that reach deep cerebellar nuclei (DCN)
and the cerebellar cortex via auditory and trigeminal sensory path-
ways that give rise to mossy fibers and climbing fibers, respectively
(5–7). DCN, a major convergence and integration site for tone–
shock associations and also the sole output from the cerebellum, is
crucial to the ontogeny of eyeblink conditioned responses because
learning-related synaptic plasticity at this essential neuronal sub-
strate has been revealed as a result of stimulation of both excitatory
(8–10) and inhibitory (10–13) inputs and thus has been a target for
exploring the encoding and decoding of learning and memory.
Rat conditioned eyeblink responses following tone–shock

pairings do not emerge reliably until postnatal day 20 (P20) (4)
due to significant developmental changes in DCN during the first
few postnatal weeks (14–16) and the maturation of sensory pro-
cessing (17–19). To understand the role of the adult DCN in EBC,
experiments have used lesions (20), inactivation (21), stimulation
(22), histological examination (23), and in vivo extracellular re-

cordings (24). However, none of these methods has been able to
identify changes in individual DCN projection neurons involved in
EBC. Moreover, in vitro whole-cell recordings of DCN neurons
have heretofore not been reported in adult animals due to the
difficulties in obtaining viable DCN slices from adults and tech-
nical problems obtaining patch clamp recordings from adult DCN
neurons caused by an extensive perineuronal net surrounding
more than 93% of neurons in adult mammals (25–27).
The current experiments sought to identify DCN projection

neurons involved in the eyeblink response using pseudorabies
virus PRV-152 as a fluorescent transsynaptic neuronal tracer
(28) and to investigate changes in intrinsic membrane prop-
erties that result from the acquisition of EBC by using a new
slicing technique (16) to obtain healthy acute DCN slices from
P25–26 rats that had passed through the narrow DCN devel-
opment window at P22–25 (16), had a relatively mature sen-
sory and auditory system, and were able to acquire learning
as a result of tone–shock EBC (18, 29, 30). Optimizing the
transit time for PRV-152 to reach the DCN, using rats of the
oldest age at which patch-clamp recordings could still be obtained,
and taking into account the level of EBC shown by rats at that age,
we examined slices from rats given four sessions of EBC, which
resulted in modest levels of conditioning. As a result, we examined
the membrane properties of projection neurons during the acqui-
sition of EBC rather than at its terminal levels. To date, there are
no reports of learning-related changes in the membrane properties
of individual neurons in the DCN.

Significance

Although large ensembles of neurons have been found to
change as a function of learning and memory, localizing those
changes to the individual neurons directly involved in a specific
task has been challenging. Using whole-cell recording of deep
cerebellar nuclear neurons (DCN) and a transsynaptic viral
tracer, we found motor learning induced significant changes in
membrane properties of rat DCN projection neurons including
a reduced after-hyperpolarization amplitude and shortened
latency for both evoked DCN action potentials and rebound
spikes. These learning-specific changes in DCN excitability have
not previously been reported in any species or task.
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Results
Delay EBC. Fig. 1A depicts the delay conditioning paradigm
employed in the experiment and the well-defined underlying
neuronal circuit showing that DCN is a convergence site for
input signals from both the shock unconditioned stimulus (US)
climbing fiber pathway and the tone conditioned stimulus (CS)
parallel mossy fiber pathway and the sole output pathway for

motor responses. Fig. 1B shows the mean percent of conditioned
response (CR) levels for rats exposed to paired or unpaired
tone–shock presentations and for rats that were exposed to the
apparatus but received no stimulus presentations (Paired, Un-
paired, and Sit groups, respectively), and the inset shows the
magnitude of CRs. Compared with the rats in the Unpaired and
Sit groups, rats in the Paired group showed a significantly greater
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Fig. 1. The mean percent (±SEM) of CRs during delay eyeblink conditioning. (A) The delay conditioning paradigm and the underlying neuronal circuitry.
(B) The mean percent CRs (CRs%) for rats in the Paired (PD), Unpaired (UP), and Sit groups. The Inset in B shows that the CR magnitude for the Paired group
increased with training sessions compared with Unpaired and Sit groups. Note that the Paired group showed greater CRs% than the Unpaired and Sit groups
across the four sessions of delay eyeblink conditioning, which suggests the acquisition of learning. Asterisks denote values for the Paired group that are
significantly different from those for the Unpaired and Sit groups (*P < 0.05, **P < 0.01). CF, climbing fiber; CN, cochlear nucleus; FN, facial nucleus; GC,
granule cell; IO, inferior olive; IPN, interpositus nucleus; MF, mossy fiber; PC, Purkinje cell; PF, parallel fiber; PN, pontine nuclei; RN, red nucleus; TN, trigeminal
nucleus; UR, unconditioned response.
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percentage of CRs across sessions, reaching a mean level of 40%
CRs by the fourth session, indicating the acquisition of delay EBC.
This was confirmed by an ANOVA of the percent of CRs that
revealed significant main effects of sessions [F(3, 75) = 5.035, P <
0.01] and group [F(2, 25) = 6.054, P < 0.01] and an interaction
between sessions and group [F(6, 75) = 5.524, P < 0.001]. Post hoc
comparisons revealed that the group effect in percent CRs was
attributable to a significant difference between the Paired group
and the Unpaired and Sit groups (all Ps < 0.05). Statistical analysis
of the percent of responses on tone-alone test trials showed a
similar group effect [F(2, 24) = 8.817, P < 0.01]. The CRmagnitude
for the Paired group increased with training sessions compared with
that for both the Unpaired and Sit groups, which was confirmed by
a group × sessions interaction [F(2, 81) = 2.452, P < 0.05]. These
data confirm that rats with relatively mature sensory and motor
processing were able to acquire a significant level of eyeblink-
conditioned responses when trained for only four sessions at P23–
24 with tone–shock paired EBC.

Identification of DCN Projection Neurons by PRV-152. To identify
DCN projection neurons responsible for the eyeblink response,
PRV-152, a transsynaptic neuronal tracer, was injected into the
orbicularis oculi muscle. As shown in Fig. 2, anti-PRV immu-
nolabeling showed labeled first-order motor neurons in the
dorsolateral facial nucleus ipsilaterally (Fig. 2 A and B), labeled
second-order premotor neurons in the contralateral red nucleus
(Fig. 2 C and D) at 2.5 d following PRV inoculation, labeled

third-order premotor neurons mainly in ipsilateral DCN (Fig. 2
E and F) at 3 d following PRV inoculation, and extensive labeled
neurons in the DCN at 3.5 d following PRV inoculation (Fig. 2 E
and G). These data suggest that PRV-152 could be reliably taken
up by axon terminals of facial nucleus neurons and retrogradely
transported to DCN projection neurons via the contralateral red
nucleus, which is similar to previous reports (28, 31, 32).

Membrane Properties. To map the changes in membrane properties
of the DCN resulting from the behavioral manipulations, whole-cell
current-clamp recordings were performed on 62 DCN neurons,
20 of which were from fluorescent DCN neurons. As shown in Fig. 3
and described in our previous publication (16), neurons in the DCN
were spontaneously active at resting membrane potential and
showed action potential (AP) firing in response to depolarizing
current injections when held at −70 mV. Measurements of spon-
taneous APs revealed no significant differences among Paired,
Unpaired, and Sit groups. As shown in Table 1, there were no
statistical differences (all Ps > 0.05) in membrane properties be-
tween fluorescent and nonfluorescent DCN neurons, so the data
collected from these two types of DCN neurons were combined. Fig.
3A, Lower Inset shows a representative biocytin-filled DCN neuron
in which a whole-cell recording was made with 0.2% biocytin in the
recording electrode and visualized later by the avidin-biotin complex
method. The DCN neuron appeared to be largely multipolar with
dendrite processes, which is consistent with the large multipolar
glutamatergic projection neurons in previous reports (33, 34).
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Fig. 2. Identification of DCN projection neurons by the transsynaptic neuronal tracer PRV-152. (A, C, and E) The distribution of PRV-labeled neurons in FN (A),
RN (C), and DCN (E). (B, D, F, and G) Representative PRV-labeled neurons in the FN (B), RN (D), and DCN (F and G) which were identified by anti-PRV
immunolabeling. Atlas images were modified from ref. 79. All light microscope images were taken with a 1.25× microscope objective. (Scale bars: 500 μm.)
The Inset in G was taken with microscope with a 10× objective from the DCN area indicated by dashed circle. Note that PRV-152 was injected into orbicularis
oculi muscle of the upper eyelid, taken up by axon terminals of FN neurons, retrogradely transported to the RN, and reached the DCN after 3 d of PRV
inoculation. Extensive PRV-infected DCN neurons were observed after 3.5 d of PRV inoculation.
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Table 2 summarizes the characteristics of the membrane prop-
erties of the DCN neurons from P25–26 rats. As can be seen in the
table, DCN neurons from Paired, Unpaired, and Sit groups
exhibited similar resting membrane potentials, threshold, current
required for an evoked AP, AP amplitude, and AP duration. There
was no significant difference in the number of evoked APs. For
example, the number of evoked APs for the Paired group (16.73 ±
1.27), which was elicited at a 200-ms depolarizing current of 0.2 nA,
is a bit higher than that for the Unpaired group (13.81 ± 1.61) and
the Sit group (13.93 ± 2.03), but the difference was not statistically
significant [F(2, 51) = 1.202, P = 0.309]. However, as shown in Fig.
4 A and B and confirmed by ANOVA, DCN neurons from Paired
rats exhibited a significantly smaller after-hyperpolarization (AHP)
amplitude [F(2, 61) = 5.090, P < 0.01] and shorter latency [F(2,
61) = 3.177, P < 0.05] for the first AP evoked by a 200-ms depo-
larizing current pulse, accompanied by a shorter interval between
the first and second evoked APs (S1S2 interval). Post hoc com-
parisons revealed that the group effects in AHP amplitude were
attributable to a significant difference between the Paired group
and both the Unpaired and Sit groups (P < 0.05 and P < 0.001,

respectively). The group effects in latency were attributable to a
significant difference between the Paired group and the Unpaired
group (P < 0.05). The Paired group consistently exhibited shorter
latency for evoked APs (21.79 ± 5.34 ms) than the Sit group
(39.83 ± 7.70 ms), but the difference was not statistically significant
(P = 0.104). Importantly, as shown in Fig. 4C, Pearson correlation
analysis revealed a significant positive linear association between
AHP amplitude and the percent of CRs on the fourth session in the
Paired group (R = 0.688, P < 0.05) but not in the Unpaired group
(R = −0.06, P = 0.598) or the Sit group (R = −0.05, P = 0.869).
Moreover, although the mean level of responding was 40% CRs,
responses ranged from 0 to 71.11% with well-conditioned rats
generally showing smaller AHPs. Fig. 4D shows a waterfall plot of
conditioned responses during EBC session 4 in a well-conditioned,
freely moving rat and indicates well-timed responses against a rel-
atively quiet baseline with occasional movements before the pre-
sentation of the tone CS. Therefore, our data suggest the changes in
both AHP amplitude and latency in Paired rats are learning-related
changes in intrinsic membrane properties in the cerebellum. This
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Fig. 3. Typical recording traces from a representative rat DCN cell. (A) A representative fluorescent DCN cell retrogradely tracked from the eyelid with
PRV-152. (Scale bar: 20 μm.) (Upper Inset) There are extensive fluorescent neurons in DCN area. (Magnification: 4×.) (Scale bar: 200 μm.) (Lower Inset)
A biocytin-filled DCN neuron that was detected with the avidin-biotin complex method. (Scale bar: 50 μm.) (B–D) Typical recordings at a resting membrane
potential of −47.6 mV (B), responding to 200-ms depolarizing current steps (C), and a 200-ms hyperpolarizing current step of −0.5 nA (D).

Table 1. Comparison of membrane properties of evoked APs in fluorescent and nonfluorescent DCN neurons

PRV-152
fluorescent
labeling Vm, mV

Input
resistance,

MΩ

AP
threshold,

mV

Current
required

for evoked
AP, nA

Latency,
ms

Amplitude,
mV

APD50,
ms

APD50

rising, ms
APD50

falling, ms
AHP,
mV

S1S2
interval, ms

Unlabeled −46.45 ± 0.46 103.75 ± 8.18 −46.85 ± 0.88 0.08 ± 0.01 31.72 ± 5.32 68.01 ± 1.71 0.80 ± 0.04 0.32 ± 0.01 0.48 ± 0.03 −10.50 ± 0.67 17.37 ± 2.16
Labeled −45.64 ± 0.97 79.63 ± 6.87 −48.30 ± 1.13 0.10 ± 0.02 40.04 ± 8.52 68.25 ± 1.86 0.72 ± 0.07 0.29 ± 0.02 0.43 ± 0.04 −11.96 ± 1.19 29.99 ± 9.13

Note that there were no statistical differences in any measures for evoked APs between fluorescence-labeled (n = 20) and unlabeled (n = 42) DCN neurons.
Vm, resting membrane potential.

E9422 | www.pnas.org/cgi/doi/10.1073/pnas.1808539115 Wang et al.

www.pnas.org/cgi/doi/10.1073/pnas.1808539115


increased excitability may mediate the acquisition of conditioned
eyeblink responses at this specific age.

Rebound Spikes. Table 3 summarizes the electrophysiological prop-
erties of rebound spikes (RD) for DCN neurons. As can be seen in
Table 3, DCN neurons from the Paired, Unpaired, and Sit groups
required similar currents for eliciting RD, and the amplitude and
duration of RD were similar. There were no significant group dif-

ferences in the number of evoked RDs. For example, the number of
evoked RDs for the Paired group (7.29 ± 1.15) elicited at a 200-ms
hyperpolarizing current of −0.5 nA is a bit higher than that for the
Unpaired group (6.40 ± 1.78) and the Sit group (5.67 ± 2.33), but
the difference was not statistically significant [F(2, 14) = 0.239, P =
0.791]. There was also no significant group difference in the depth of
hyperpolarization required to trigger RD [−159.79 ± 8.98 mV,
163.69 ± 8.62 mV, and 160.40 ± 6.60 mV, for the Paired, Unpaired,
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Fig. 4. Delay EBC produces learning-related changes in membrane properties of evoked DCN AP. (A–C) Learning-related changes in the evoked AP as a result
of delay EBC were characterized by alterations in AHP amplitude (A), latency for evoked AP (B), and a positive linear association between AHP amplitude and
percent CRs (CRs%) at the fourth session (C). Note that each point in the A and B represents the result from a single neuron (red solid circles for fluorescent
neurons and black solid circles for nonfluorescent neurons), and the dashed line illustrates the average for each group. Each point in C represents the result
from a single animal. (D) Representative eyelid EMG activity from a rat given paired conditioning during the last training session. Note that the rat had 71%
CRs and a reduced AHP amplitude of −3.17 mV. Dashed lines indicate the onset times of the CS and US. A blanking circuit in operation during the US (the
break in the x axis) prevented the shock from saturating the EMG amplifier.

Table 2. Membrane properties of evoked DCN APs from conditioned P25–26 rats

Group Vm, mV
Input

resistance, MΩ
AP

threshold, mV
Current required
for evoked AP, nA

Latency,
ms

Amplitude,
mV

APD50,
ms

APD50

rising, ms
APD50

falling, ms
AHP,
mV

S1S2
interval, ms

PD −46.53 ± 0.74 104.26 ± 9.89 −48.16 ± 1.13 0.09 ± 0.02 21.79 ± 5.34* 66.63 ± 2.06 0.82 ± 0.05 0.33 ± 0.02 0.50 ± 0.03 −8.87 ± 0.81† 17.46 ± 3.33
UP −45.52 ± 0.72 82.22 ± 8.86 −47.39 ± 1.23 0.08 ± 0.01 46.46 ± 10.22 69.82 ± 2.10 0.73 ± 0.07 0.30 ± 0.02 0.43 ± 0.05 −12.30 ± 1.06 25.41 ± 8.09
Sit −46.54 ± 0.93 99.69 ± 13.82 −45.87 ± 1.35 0.08 ± 0.02 39.83 ± 7.70 68.29 ± 2.89 0.74 ± 0.07 0.30 ± 0.03 0.44 ± 0.05 −12.73 ± 1.17 21.65 ± 4.77

Cell numbers (n) for the Paired (PD), Unpaired (UP), and Sit groups were 26, 20, and 16 cells, respectively. Fluorescent cell numbers (n) for the PD, UP, and Sit
groups were 8, 7, and 5 cells, respectively. Note that there were group differences in AHP amplitude and a marginal group difference in latency for evoked
AP. The difference in AHP amplitude was between the PD group and the UP and Sit groups. The difference in latency was between the PD and UP group.
*P = 0.055.
†P < 0.05.
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and Sit groups, respectively, F(2, 49) = 0.055, P = 0.946], which was
induced by the hyperpolarization current steps when the cells were
held at −70 mV baseline. However, Fig. 5 shows and an ANOVA
confirmed that there were significant group differences in the RD
threshold [F(2, 49) = 5.886, P < 0.01] and latency [F(2, 49) = 3.830,
P < 0.05] for the first evoked RD spike elicited by a 200-ms
hyperpolarizing current pulse, and there was a marginal difference
in AHP amplitude [F(2, 49) = 2.450, P = 0.09]. Post hoc comparisons
revealed the group effects in latency were attributable to a significant
difference between the Paired group and both the Unpaired (P <

0.05) and the Sit (P < 0.05) group, and the group effects in threshold
and AHP amplitude were attributable to a significant difference
between the Paired group and the Unpaired group (all Ps < 0.05).
Once again, as shown in Fig. 5D, correlation analysis revealed a
positive linear relationship between the AHP amplitude of RDs and
the percent of CRs on the fourth session in the Paired group (R =
0.668, P < 0.05) but not in either the Unpaired group (R = −0.1, P =
0.830) or the Sit group (R = −0.34, P = 0.666). These alterations in
RDs that occurred in DCN neurons in P25–26 rats may contribute to
the increased learning seen in the Paired rats at this specific age

Table 3. Summary of membrane properties of evoked DCN RDs from conditioned P25–26 rats

Group
RD

threshold, mV
Current required
for evoked RD, nA

Latency,
ms

RD
amplitude, mV

RD
APD50, ms

RD APD50

rising, ms
RD APD50

falling, ms
RD

AHP, mV
RD S1S2,

interval, ms

PD −54.50 ± 1.20* −0.71 ± 0.11 48.89 ± 12.78* 69.34 ± 2.40 0.85 ± 0.07 0.33 ± 0.02 0.52 ± 0.04 −9.43 ± 1.13* 14.08 ± 2.66
UP −47.89 ± 1.18 −0.89 ± 0.16 111.97 ± 22.19 68.64 ± 2.21 0.76 ± 0.08 0.30 ± 0.03 0.46 ± 0.05 −13.25 ± 1.41 21.67 ± 5.21
Sit −50.63 ± 1.87 −0.70 ± 0.14 101.57 ± 22.59 67.68 ± 3.25 0.82 ± 0.08 0.32 ± 0.03 0.50 ± 0.05 −11.87 ± 1.40 19.33 ± 2.84

Cell numbers (n) for the Paired (PD), Unpaired (UP), and Sit groups were 22, 14, and 15, respectively. Fluorescent cell numbers (n) for PD, UP, and Sit groups
were 6, 6, and 4, respectively. Note that there were group differences in threshold, latency, and AHP amplitude. The difference in threshold and AHP
amplitude was between the PD and UP group. The difference in latency was between the PD and UP and Sit groups.
*P < 0.05.

A B

C D

Fig. 5. Delay EBC produces learning-related changes in membrane properties of evoked DCN RDs. Note that learning-related changes as a result of delay EBC
were characterized by alterations in RD threshold (A), latency for evoked RD (B), AHP amplitude (C), and a positive linear correlation between AHP amplitude
and percent CRs (CRs%) at the fourth session (D). Each point in A–C represents the result from a single neuron (red solid circles for fluorescent neurons and black
solid circles for nonfluorescent neurons), and the dashed lines illustrate the average for each group. Each point in D represents the result from a single animal.
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because the DCN rebound phenomenon represents neural plasticity
that was triggered by inhibitory inputs from cerebellar Purkinje cells,
probably by the unique modes of cerebellar Purkinje cell activation
induced by differential processing of the information from both the
shock US climbing fiber and tone CS mossy fiber (35).

Discussion
In the present study we found that P25–26 rats with moderate
levels of learning as a result of delay EBC compared with rats in
the Unpaired and Sit groups showed significant changes in
membrane properties of DCN neurons characterized by a reduced
AHP amplitude and a shortened latency for an evoked AP. Sim-
ilar findings were also observed for the hyperpolarization-elicited
RDs. Most importantly, our data revealed a positive linear re-
lationship between EBC and AHP amplitude for both evoked AP
and RDs. Taken together, these changes in membrane properties
represent an increased excitability of DCN neurons that may
contribute to the acquisition of conditioned eyeblink responses at
this specific age (14, 36).
The behavioral data showed that rats in the Paired group ac-

quired a significantly greater percentage of conditioned eyeblink
responses when trained with four sessions of delay tone–shock
paired conditioning at P23–24 than rats in the Unpaired and Sit
control groups. These findings are consistent with previous reports
from Freeman and coworkers (4, 14, 36) showing the ontogeny of
rat delay EBC may begin between P17 and P24 if using tone–
shock pairings (4, 14, 36) and can develop as early as P12 if the
immature auditory system is bypassed by direct stimulation of the
pontine nuclei (17). Since we have recently developed a procedure
for obtaining viable and healthy DCN slices from P25–26 rats for
electrophysiological recordings (16), the moderate learning levels
acquired at this specific age during delay EBC made it possible for
us to map the learning-specific changes in membrane properties of
DCN neurons even though a significant perineuronal net in DCNs
had already developed (27).
Acquisition during delay EBC depends on the neural function of

the cerebellum, including the cerebellar cortex and DCN. Neural
function is determined by the intrinsic membrane properties and
its responsiveness to synaptic inputs (37). Intrinsic plasticity and
synaptic plasticity have been widely regarded as the cellular
mechanisms underlying acquisition of learning and memory (3, 9,
38–42). Since both neuronal excitability and synaptic plasticity are
mediated by intrinsic ion currents and share similar signal cascades
(43, 44), alteration in ion currents could affect both neuronal ex-
citability and synaptic plasticity. On the one hand, neuronal ex-
citability could modulate the responsiveness of neurons to synaptic
inputs. For example, transient increased neuronal excitability that
occurs at the early phase of learning and memory could favor the
facilitation of synaptic plasticity such as long-term potentiation
(43); on the other hand, the changes in the balance of excitatory
and inhibitory input could in turn modulate the level of de-
polarization and thus regulate neuronal intrinsic excitability (43,
45, 46). This positive feedback loop between neuronal excitability
and synaptic plasticity contributes to learning and memory con-
solidation. Cerebellar learning could emerge because several forms
of plasticity happen in succession. For example, widespread
pairing-dependent increases in membrane excitability may set the
stage for more input- and response-specific changes in the form of
synaptic plasticity. Importantly, Disterhoft and coworkers (47–52)
have noted that hippocampal conditioning-specific reductions in
AHP are widespread (occurring throughout CA1 pyramidal neu-
rons) but are transitory in nature, lasting several days before
returning to baseline. On the other hand, Schreurs et al. (3) found
that increases in Purkinje cell dendrite membrane excitability still
existed a month after asymptotic levels of EBC. DCN neurons, a
convergence site and the sole motor output pathway from cere-
bellum, may represent a functional convergence of both intrinsic
excitability and synaptic integration to encode the signal in-

formation for cerebellar motor learning and memory (8, 53–55).
Consistent with these previous reports, our DCN slice-recording data
from P25–26 rats given delay EBC revealed a reduced AHP
amplitude and shortened latency for evoked AP in rats that
exhibited moderate levels of learning and a positive linear re-
lationship between AHP amplitude and EBC. AHP has previously
been reported to be important for regulating the spike frequency
and accommodation in the hippocampus (38) and cerebellar cortex
(3) and is widely regarded as an index of membrane excitability
engaged in the process of learning and memory (3, 38, 39, 49, 50,
56–59). AHP increases can decrease the intrinsic excitability that
has been correlated with cognitive decline in animals (60, 61),
while AHP reduction can result in increased excitability that has
been associated with the enhanced learning in conditioned animals
versus controls (3, 38). Importantly, this conditioning-specific AHP
reduction is independent of modification in synaptic properties
(38). Therefore, the alteration in the membrane properties of
DCN cells in Paired rats that received four sessions of delay EBC
may be an early sign of learning-mediated changes, which may
contribute to the robust acquisition others have observed at the
sixth session of delay EBC at the same age (14, 36). These findings
are in line with reports in awake behaving mice showing that fa-
cilitation in DCN may drive the eyelid movement and mediate the
conditioned behavior (41, 42).
RD, which is another intrinsic property of DCN neurons and is

modulated by synaptic inputs from Purkinje cells and climbing
fibers (11, 54, 62, 63), is regarded as encoding the amplitude of
inhibitory synapses in the cerebellar circuit, serving to transfer
inhibitory signals, especially from Purkinje cells (64), and de-
fining the accuracy and timing of cerebellar motor performance
(13). Interestingly, a reduced AHP amplitude accompanied by
alterations in the latency and RD threshold were also seen in
RDs from P25–26 Paired rats, which suggests that synaptic in-
puts, especially the inhibitory inputs, may shape the neural state
and its response to synaptic inputs and thus be involved in as-
sociative cerebellar learning (11, 13, 63). Taken together, our
findings show that the membrane properties for evoked DCN
RDs in Paired rats characterized by alterations in AHP latency
and RD threshold represent another type of learning-related
change that results from delay EBC. These results may help
explain the increased acquisition of conditioned eyeblink re-
sponses at this specific age (15, 30, 36).
In this experiment we used PRV-152 as a transsynaptic neuronal

tracer to identify DCN neurons responsible for the eyeblink re-
sponse and found labeled third-order premotor neurons in DCN,
including the dorsolateral anterior interpositus nucleus, after 3 d of
PRV inoculation, similar to previous reports in rats (31), rabbits
(28), and mice (32). The original purpose of injecting PRV-152 was
to identify projection neurons controlling the eyeblink response to
determine whether these third-order neurons comprised an “en-
gram” for EBC (65). The fact that there were no consistent dif-
ferences in electrophysiological measures between fluorescent and
nonfluorescent neurons suggests that conditioning-specific changes
in membrane excitability occurred in a large subset of neurons in
the DCN in the same way that many pyramidal cells in the hip-
pocampus and prefrontal cortex show conditioning-specific changes
in membrane excitability (38, 39, 49, 56–58, 66, 67). The fact that
PRV-152 is eventually lethal required us to determine a narrow
window during which DCN neurons were healthy enough for re-
cording regardless of whether they were fluorescent at the time of
recording. Interestingly, we have found that without the constraint
of recording viability, given sufficient time, many of the neurons in
the DCN begin to fluoresce, as shown in Fig. 3, Upper Inset. This
suggests that these cells were synaptically connected, because PRV-
152 is transmitted only transsynaptically (68, 69). However, during
the narrow recording window, there was more variability in the
number of visibly labeled neurons, with very few fluorescent neu-
rons in the DCN in some cases and many fluorescent cells in others.
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This variation may be explained by individual differences in the
speed of retrograde labeling, in the site of inoculation, or in the
angle of dissection and slice preparation. Of note is the number
of cells that were fluorescent tended to increase in slices during
incubation and within the recording session itself, demonstrating
that viral replication continued in vitro. Finally, because our GFP
reporter is tied to viral DNA, cells may not have been fluorescent
even when they were infected if there was not enough viral DNA
to express the fluorescent protein. These observations indicate
that we cannot definitively determine that unlabeled cells were not
part of the eyeblink pathway. Although it would have been ideal to
record only from third-order cells that were fluorescent, because
these would have been the cells most directly linked to the eyelid,
the data taken together suggest that increased membrane excit-
ability is a property of many cells in the DCN, a finding that is
consistent with changes in excitability in other areas of the brain
and that is a phenomenon that may require synaptic modifications
to provide specificity (37).
Similar to previous reports from Enquist and coworkers (70,

71), fluorescent DCN cells exhibited a reduced input resistance
compared with nonfluorescent cells, although the differences did
not reach statistical significance. Previous studies (72, 73) have
shown contradictory effects of PRV (also known as “herpes vi-
rus”) infection on neuronal excitability. For example, there is a
report of increased excitability of PRV-infected neurons in rat
superior cervical ganglia at 32–38 h after PRV inoculation into
the anterior chamber of the eye (72), but there is another report of
reduced excitability in PRV-infected auditory brainstem neurons of
Mongolian gerbils (73). In vitro and in vivo studies from Enquist and
coworkers (70, 71, 74, 75) found that acute PRV infection could
induce aberrant electrical activity and rapid firing, and the infection-
induced firing was independent of synaptic input and may be related
to electrical coupling induced by viral membrane fusion proteins.
Importantly, this rapid firing was observed in PRV infection by vir-
ulent strains but not by attenuated strains such as PRV-152, a de-
rivative of the Bartha strain of PRV, used here. These findings
suggest the mechanisms underlying alterations in neuronal excit-
ability induced by PRV infection may be complex and thus may not
be simply the result of a general loss of membrane conductance or
the disruption of transmembrane ion gradients (76). In the current
study, PRV-152, an attenuated strain of PRV that has shown no
dramatic alteration in the physiological properties of infected neu-
rons (71, 74), was used as a transsynaptic tracer for the identification
and characterization of DCN neurons involved in the eyeblink re-
sponse, and those characteristics were no different from those in
unlabeled DCN neurons in inoculated rats and in uninoculated rats.
Future experiments may target DCN fluorescent neurons with
optogenetic tools, including channelrhodopsins, and explore whether
activation of these neurons is sufficient to evoke eyeblink response.
In summary, we demonstrate here that intrinsic membrane

excitability in the DCN increased with EBC. These learning-
specific changes in DCN excitability have not previously been
reported in any species or task.

Materials and Methods
Subjects. P14 Long–Evans rats were supplied by Charles River Laboratories,
housed in a cage with their littermates and mother, given free access to food
and water, and maintained on a 12-h light/dark cycle. Rat pups were weaned
and housed individually after P21. Rat pups were maintained in accordance
with guidelines issued by the NIH, and the research was approved by the
West Virginia University Animal Care and Use Committee.

Electromyography Electrode Implantation. At P21 rats were anesthetized with
isoflurane (induction at 5% and maintained at 1–2%), and a headstage
containing two wires for differential electromyography (EMG) recordings,
one metal ground wire, and two twisted metal wires for bipolar periorbital
shock administration (Plastics One Inc.) was implanted. Briefly, differential
EMG electrodes were implanted in the left upper eyelid, a ground electrode
was secured beneath the surface of skin, and bipolar shock-stimulating

electrodes were implanted caudal to the left eye. After anesthesia induc-
tion, bupivacaine (<2 mg/kg) was injected at the incision site, and immedi-
ately following surgery, rats were given ketoprofen (5 mg/kg) and fluids
(2 mL normal saline) s.c. Surgery was done 2 d before EBC so rats could re-
cover from surgery.

PRV-152 Inoculation and Identification of DCN Putative Projection Neurons
Involved in Eyeblink Control. PRV-152, a GFP-labeled retrograde transsynaptic
tracer, was the kind gift of Lynn Enquist, Princeton University, Princeton.
Procedures similar to those described in a previous publication (28) were used
for PRV-152 inoculation and anti-PRV immunolabeling to identify PRV-labeled
DCN neurons. Briefly, at P22–23, rats were anesthetized with 2% isoflurane,
and 4 μL of PRV-152 at a concentration of 8.55 × 108 pfu/mL was injected into
two sites in the orbicularis oculi muscle of the left upper eyelid. After PRV
inoculation, when not undergoing EBC procedures, rats were maintained in a
biosafety level 2 facility for 3.5 d to ensure that PRV was taken up by the axon
terminals of facial nucleus neurons and then retrogradely transported to DCN
projection neurons via the red nucleus (28) and that PRV-infected DCN neurons
could be identified by fluorescence detection.

A separate set of five rats that did not undergo EMG implantation or EBC
were used for anti-PRV immunolabeling to verify PRV labeling of the EBC
motor output pathway. At 2.5, 3, and 3.5 d after PRV inoculation, rats were
killed and transcardially perfused with PBS (pH 7.4) followed by a 4% form-
aldehyde fixative. Brains were removed and placed in fixative for storage and
then were cryoprotected in 30% sucrose before being cut into 50-μm sections
on a freezing microtome. First, free-floating sections were washed in 0.5 M
Tris and were placed in 3% H2O2 for 30 min to block endogenous peroxidases.
Second, sections were incubated in 10 mM citrate buffer (pH 3.0) at 37 °C for
30 min for antigen retrieval before being transferred to blocking solution (3%
normal rabbit serum in 0.5 M Tris·Triton X-100) for 1 h. Third, sections were
incubated with a goat anti-PRV primary antibody overnight at 4 °C and then
were incubated with a secondary antibody (biotinylated rabbit anti-goat;
1:200) for 1 h. Finally, sections were put in VECTASTAIN ABC reagents (Vec-
tor Kit; Vector Laboratories) for 1 h followed by 3,3′-diaminobenzidine-
tetrahydrochloride (Vector Kit; Vector Labs) for 2–5 min.

Rat EBC. The conditioning apparatus consisted of a sound-attenuating
chamber (Colbourn) containing a Plexiglas cylinder and commutator (Plas-
tics One, Inc.). The back wall of the sound-attenuating chamber had a small
house light that stayed on during conditioning sessions, and a panel con-
taining a speaker was mounted at a 45° angle above the cylinder. A light-
weight cable connected to the headstage was attached to the commutator
to allow free movement of the rat in the cylinder. From the commutator, a
second cable was connected to an AC/DC differential amplifier (A-M Sys-
tems) and a stimulus isolator (365A; World Precisions Instruments). Com-
puter software (LabVIEW 8.0; National Instruments) controlled stimulus
delivery and recorded differential EMG activity that was filtered (300–3,000 Hz),
amplified (5,000×), rectified, and integrated (20-ms time constant).

At P23, 29 rats of either sex from 10 litters were randomly assigned to one
of three groups, Paired (n = 13, eight males and five females), Unpaired (n =
9, two males and seven females), or Sit (n = 7, two males and five females).
The conditioning paradigm consisted of four training sessions across 2 d,
with three sessions approximately 3 h apart on the first day and one session
on the second day, each session with paired or explicitly unpaired presen-
tations of a CS (a tone, 380 ms, 2.8 kHz, 88 dB) delivered through the speaker
and a US (a periocular shock, 100 ms, 2–3.5 mA) delivered through a stimulus
isolator. A blanking circuit in operation during the US prevented the shock
from swamping the EMG signal.

Rats were given 5 min of habituation to the test chamber before each
training session. Four training sessions were chosen not only because modest
levels of learning could be seen by the fourth session of EBC (14, 36) but be-
cause, in pilot experiments, this was the point at which DCN projection neu-
rons were first labeled with PRV, and there were no effects of PRV infection on
the behavior or on the membrane properties of DCN neurons (see below).

Paired sessions consisted of 100 trials of delay EBC including 90 tone–shock
paired trials and 10 tone-alone test trials occurring after every ninth paired
trial to assess integrated EMG activity without the shock artifact. For paired
trials, the interstimulus interval was 280 ms, and the stimuli coterminated.
Trials were separated by an average intertrial interval (ITI) of 30 s, and ses-
sions were separated by 3 h. Unpaired sessions consisted of 190 trials of
explicitly unpaired presentations of the tone (100 trials, to equate with the
total number of CS presentations during paired sessions) and shock (90 tri-
als). The same stimulus durations were used as in the paired procedure. The
ITI averaged 15 s to match the time spent in the conditioning chamber and
the temporal distribution of stimuli in Paired groups. Rats in the Sit group

E9426 | www.pnas.org/cgi/doi/10.1073/pnas.1808539115 Wang et al.

www.pnas.org/cgi/doi/10.1073/pnas.1808539115


were placed in the training chamber without stimulus presentations for a
duration equal to that of the rats in the Paired and Unpaired groups.

Conditioned responses were defined as EMG activity, starting 80 ms after
CS onset to avoid the potential for alpha responses, that was eight SDs above
the average baseline value during a 200-ms pre-CS period. If EMG activity
100 ms before CS onset was four SDs or more above baseline, the trial was
omitted from analysis to ensure that movement or spontaneous blinking
artifacts did not artificially inflate response levels.

Slice Preparation and Patch-Clamp Recordings. Procedures identical to those
previously published (16, 77, 78) were used for slice preparation, electro-
physiological recordings, and data analysis. Briefly, rats were rendered un-
conscious with carbon dioxide and then were decapitated. After brain
removal, coronal cerebellar slices from the cerebellum were cut at 34 °C on a
vibrating slicer (Leica VT1200S) with sucrose artificial cerebrospinal fluid
(S-ACSF) containing (in mM) 200 sucrose, 2.5 KCl, 1.2 MgCl2, 0.5 CaCl2, 1.25
NaH2PO4, 26 NaHCO3, and 20 dextrose. Slices were incubated for 1 h at 34 °C in
95% O2-saturated and 5% CO2-saturated ACSF containing (in mM) 125 NaCl,
3.0 KCl, 1.2 MgSO4, 2.0 CaCl2, 1.2 NaH2PO4, 26 NaHCO3, and 10 dextrose and
then were maintained at room temperature until electrophysiological re-
cording. Vertical vibration of the blade was manually adjusted with a Vibro-
check device (Leica Biosystems) before slice preparation and was set to 0 μM.

A slice was placed in a modified recording chamber containing the bath
solution (ACSF). DCN neurons were identified morphologically through a 40×
water-immersion objective using differential interference contrast (DIC)-IR
optics (Olympus BX50WI). PRV-infected neurons were identified by GFP
under fluorescence optics. Whole-cell patch-clamp recordings were per-
formed using an Axon MultiClamp 700B on cells with diameters of 15–20 μM
in the interpositus and the medial portion of the lateral nucleus. These
neurons are regarded as large glutamatergic projection neurons (26, 33).
Generally, we made recordings in two to three cells of DCN slices from each
rat. Patch pipettes made from borosilicate glass (1.5 mm o.d., 0.86 mm i.d.;
catalog no. BF150-86-10; Sutter Instrument Company) were pulled with a
P97 Brown–Flaming micropipette puller (Sutter Instrument Company). The
final resistances of pipettes filled with the internal solution [containing

(in mM) 140 potassium gluconate (C6H11O7K), 4.6 MgCl2·6H2O, 10 Hepes,
10 EGTA, 4.0 Na2ATP, pH 7.3 (KOH)] were between 5 and 8 MΩ. Data were
low-pass filtered at 2 kHz and acquired at 20 kHz. Membrane properties
were measured when the neuron had stabilized for 5 min after the whole-
cell configuration was achieved. Quantitative analysis included resting
membrane potential measured directly upon breakthrough in the whole-cell
configuration, input resistance based on membrane potential changes due
to depolarizing current injections immediately after whole-cell configura-
tion, AP threshold (APH), current required for eliciting the first AP, the half-
width of elicited AP (APD50) including rising and falling phases, the ampli-
tude of elicited AP, the number of elicited APs, latency to the first AP elicited
by a 250-ms duration depolarizing current injection, peak amplitude of the
AHP, S1S2 interval, the current required for hyperpolarization-induced RDs,
and the properties of RDs. Recordings were accepted only if the resistance of
the initial seal formations was greater than 1 GΩ and were rejected if their
output was unstable or series resistance changed more than 20%. To obtain
an accurate measurement of neuronal excitability independent of mem-
brane potential changes, continuous direct current was applied through the
recording electrode to hold the cell at a −70 mV baseline. All recordings
were made at room temperature.

All electrophysiological data were recorded online using pCLAMP 10 soft-
ware (Axon Instruments). Standard off-line analyses were conducted using
Clampfit 10.0.

Data are presented as means ± SEM. One-way ANOVA followed by least
significant difference post hoc comparisons was calculated in SPSS (Version
24; SPSS Inc.) with P < 0.05 as the criterion for significance.
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