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Abstract

Patch clamp recordings of neurons in the adult rat deep cerebellar nuclei have been limited by the
availability of viable brain slices. Using a new slicing technique, this study was designed to
explore the maturation of membrane properties of neurons in the deep cerebellar nuclei (DCN), —
an area involved in rat eyeblink conditioning. Compared to whole-cell current clamp recordings in
DCN in rat pups at postnatal day 16 (P16) to P21, recordings from weanling rats at P22 to P40
revealed a number of significant changes including an increase in the amplitude of the after-
hyperpolarization (AHP) — an index of membrane excitability which has been shown to be
important for eyeblink conditioning — a prolonged interval between the 15t and 2" evoked action
potential, and an increase in AHP amplitude for hyperpolarization-induced rebound spikes. This is
the first report of developmental changes in membrane properties of DCN which may be a major
contributor to the ontogeny of eyeblink conditioning in the rat.
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Introduction

Classical conditioning of the eyeblink response has been widely regarded as one of the best
models to study the neural mechanisms underlying learning and memory because of a well-
understood neural circuitry and the well-defined parameters influencing the rate and strength
of eyeblink conditioning (Freeman, Jr. and Stanton, 1991; Gormezano et al., 1962; Schreurs
etal., 1991; Schreurs et al., 1998; Schreurs et al., 2013; Stanton et al., 1992). Deep
cerebellar nuclei (DCN), the sole non-vestibular output from the cerebellum and an essential
component of this neural circuitry, are critical to the ontogeny of eyeblink conditioned
responses and have also been a target area for exploring learning-related synaptic plasticity
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of both excitatory (Aizenman and Linden, 2000; Pugh and Raman, 2006; Pugh and Raman,
2008) and inhibitory inputs (Bengtsson et al., 2011; Pugh and Raman, 2005; Pugh and
Raman, 2008; Witter et al., 2013). Studies in developing rats have shown significant
anatomical and functional changes in DCN during the first few postnatal weeks (Freeman,
Jr. and Nicholson, 2000; Heinsen, 1977; Nicholson and Freeman, Jr., 2004), and thus,
anatomical and functional maturation of DCN may influence the process of associative
learning and memory by regulating the induction and maintenance of learning-specific
changes within DCN (Freeman, Jr. et al., 1995; Freeman, Jr. and Nicholson, 2004).

Due to the difficulties in obtaining viable DCN slices from adult animals and technical
problems obtaining patch clamp recordings from adult DCN neurons caused by an extensive
peri-neuronal net (Huang and Uusisaari, 2013; Morales et al., 2004), uncovering the neural
mechanisms of learning within DCN has been limited to lesion, inactivation, histological
examination, and in vivo extracellular recordings. Characterizing membrane properties and
delineating the different forms of synaptic plasticity in the DCN has been limited to patch
clamp recordings from early postnatal animals. Therefore, it has been difficult to interpret
the discrepancies in spike output between in vitro patch clamp recordings from young
animals and in vivo recordings from adult animals and determining which one represents
physiologically relevant output. To date, there are no reports showing developmental
changes in in-vitro membrane properties of the rat DCN. The current experiments address
this question by using a new slicing technique (Huang and Uusisaari, 2013) to obtain healthy
acute DCN slices from rats before and after weaning and investigate whether there are
developmental changes in membrane properties of DCN during rat maturation.

Materials and Methods

Subjects

Long-Evans rat pups were supplied by Harlan (Indianapolis, IN), 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 maintained in accordance with guidelines issued by the National
Institutes of Health and the research was approved by the West Virginia University Animal
Care and Use Committee.

Slice preparation and patch-clamp recordings

Coronal cerebellar slices were prepared from 25 rats of either sex from 4 litters, aging from
postnatal day 16 (P16) to postnatal day 40 (P40). Rats were weaned at P21. Rats were
anesthetized with carbon dioxide and then decapitated. Brain slices were prepared by
slightly modifying the methods of Huang and Uusisaari (Huang and Uusisaari, 2013) with
sucrose modified artificial cerebrospinal fluid (S-ACSF) as the cutting solution which can
help improve cell survival during slicing (Person and Raman, 2010; Zheng and Raman,
2011). Briefly, after the brain was removed, slices from the cerebellum were cut at 34 °C on
a vibrating slicer (LEICA VT1200S) with S-ACSF containing (in mM) Sucrose 200, KCI
2.5, MgCl, 1.2, CaCl, 0.5, NaH,PO4 1.25, NaHCO3 26 and Dextrose 20, incubated for 1
hour at 34 °C in 95% O,- and 5% CO,-saturated artificial cerebrospinal fluid (ACSF)
containing (in mM) NaCl 125, KCI 3.0, MgSOy4 1.2, CaCl; 2.0, NaH,PO4 1.2, NaHCO3 26
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and Dextrose 10, and then maintained at room temperature until electrophysiological
recording. Vertical vibration of the blade was manually adjusted with a Vibrocheck device
(Leica) before slice preparation and set to 0 pM.

A slice was placed into a modified recording chamber containing the bath solution (ACSF).
Neurons from the cerebellar deep nuclei were identified morphologically through a 40X
water immersion objective using DIC-IR optics (Olympus BX50WI, Dulles, VA). Whole-
cell patch-clamp recordings were performed using an Axon MultiClamp 700B on cells with
diameters of 15-20 uM in the interpositus and the medial portion of the lateral nucleus.
These neurons are regarded as large glutamatergic projection neurons (Aizenman et al.,
2003; Huang and Uusisaari, 2013). Patch pipettes made from borosilicate glass (catalog #:
BF150-86-10; 1.5 mm OD, 0.86 mm ID; Sutter Instrument Company, Novato, CA) were
pulled with a P97 Brown-Flaming micropipette puller (Sutter Instrument Company, Novato,
CA). The final resistances of pipettes filled with the internal solution [containing (in mM)
potassium gluconate (CgH1107K) 140, MgCl,-6H,0 4.6, HEPES 10, EGTA 10, Na,ATP
4.0, pH 7.3 (KOH)] were between 5 and 8 M(2. 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 whole-cell configuration, input
resistance based on membrane potential changes to depolarizing current injections
immediately after whole cell configuration, action potential (AP) threshold, current required
for eliciting the first AP, half-width of elicited AP including rising and falling phases,
amplitude of elicited AP, the number of elicited APs, latency to the first AP elicited by a 250
ms duration depolarizing current injection, and peak amplitude of the after-hyperpolarization
(AHP), first and second interval of evoked action potentials (S1S2 interval), current required
for hyperpolarization induced rebound spikes, and the properties of rebound spikes.
Recordings were only accepted if the resistance of initial seal formations were greater than 1
G and rejected if their output was unstable or series resistance changed more than 20%. To
obtain an accurate measurement of neuronal excitability independent of membrane 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 the Clampex 10.0 software (Axon
Instruments). Standard off-line analyses were conducted using Clampfit 10.0.

Data are represented as means = SEM. One-way ANOVA was used with p< 0.05 as a
criterion for significance.

Membrane properties

In order to investigate the development of membrane properties in DCN neurons, we
modified a warm slicing technique introduced by Huang and Uusisaari (2013) with S-ACSF
as the cutting solution so we could obtain healthy DCN slices from rats both before and after
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weaning and into early adulthood. Neurons in the DCN were spontaneously active at resting
membrane potential and showed action potential firing in response to depolarizing current
injections when held at -70mV.

Table 1 summarizes the characteristics of membrane properties from the DCN neurons. As
can be seen in the table, DCN neurons from rats pre- and post-weaning exhibited similar
resting membrane potentials, input resistance, threshold, current required for an evoked AP,
and AP amplitude. However, as shown in Figures 1-2 and confirmed by analysis of variance
(ANOVA), DCN neurons from rats pre- and post-weaning had significant differences in
APD [F(1,83)=6.381, p<0.05], AP rising phase [F(1,83)=4.13, p<0.05], AP falling phase
[F(1,83)=7.425, p<0.01], AHP amplitude[F(1,83)=21.012, p<0.001], and S1S2 interval
[F(1,78)=5.318, p<0.05] evoked 200 ms depolarizing current pulse. Measurements of
spontaneous APs revealed similar significant differences in APD [F(1,83)=6.365, p<0.05],
APD rising phase [F(1,83)=4.498, p<0.05], APD falling phase [F(1,83)=7.477, p<0.01], and
AHP amplitude[F(1,83)=12.939, p<0.01] between pre- and post-weaning rats. This indicates
there were developmental changes in membrane properties of DCN neurons from pre- to
post-weaning, suggesting maturity of membrane properties may be involved in the induction
of neural plasticity in the cerebellum, which is thought to be responsible for the increased
acquisition of conditioned eye-blink responses at this specific age.

In order to explore the time window for this developmental change, the data were further
analyzed across the following age ranges: P16-21 (Pre-weaning), P22-25 (Weaning), and
P26-40 (Post-weaning). As shown in Figure 3, and confirmed by ANOVA, the
developmental changes occurred around P22-P25, specifically, there were significant
differences in APD [F(2,83)=3.498, P<0.05], AP falling [F(2,83)=4.031, P<0.05], AHP
amplitude [F(2,83)=12.484, P<0.001], and S1S2 interval [F(2,78)=3.412, P<0.05] across the
three ages. This suggests maturation of membrane properties of DCN neurons happened
during a narrow developmental period.

Rebound spikes

Table 2 summarizes the electrophysiological properties of rebound spikes from DCN
neurons. As can be seen in Table 2, DCN neurons from pre- and post-weaning rats exhibited
similar threshold, current required for eliciting rebound spikes, and amplitude and duration
for rebound spikes. However, Figure 4 shows and ANOVA confirmed significant
differences in AHP amplitude [F(1,75)=14.59, p<0.001] of rebound spikes elicited by a 200
ms hyperpolarizing current pulse. This developmental change in the AHP amplitude of
rebound spikes that occurred in DCN neurons in the post-weaning group indicates the
maturation of synaptic input especially inhibitory inputs from cerebellar Purkinje cells,
which may contribute to the synaptic plasticity and enhanced learning seen on the rats at this
specific age. Further data analysis for P16-21 (Pre-weaning), P22-25 (Weaning), and P26-40
(Post-weaning) revealed significant group differences in AHP amplitude of rebound spikes
[F (2,75)=12.030, P<0.001], and this change occurred at P22-25 and peaked at post-weaning
P26-40 [P<0.0001 and P<0.001 if compared to P16-21, P22-25, respectively]. This indicates
the maturation of synaptic input may increase with aging and may be involved in the process
of learning and memory mediated by synaptic plasticity.
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Discussion

In the present study we found developmental changes in the membrane properties of DCN
for rats after weaning and these occurred during a narrow developmental window starting at
P22-25. The changes were characterized by a shortening of the APD, and the AP rising and
falling phase as a function of maturation. In addition, there was an increase in AHP
amplitude — an index of membrane excitability shown to be important for classical
conditioning (Coulter et al., 1989; Schreurs et al., 1998; Wang and Schreurs, 2010) which
was accompanied by a prolonged S1S2 interval. Interestingly, an increased AHP amplitude
was also observed for the hyperpolarization-elicited rebound spikes, which are modulated by
synaptic inputs on DCN especially inputs from Purkinje cells and climbing fibers
(Aizenman and Linden, 1999; Bengtsson et al., 2011; Person and Raman, 2012; Zheng and
Raman, 2010) and define the accuracy and timing of cerebellar motor performance (Witter
et al., 2013). Taken together, these developmental changes represent the maturation of
membrane properties of rat DCN neurons and may help explain the enhanced acquisition of
conditioned eyeblink responses at this specific period (Freeman, Jr. et al., 1995; Freeman, Jr.
and Nicholson, 2004).

Neural function is dependent on the basal membrane properties and its responsive properties
to synaptic inputs. DCN neurons, unlike hippocampal CA1 cells, which are silent at resting
membrane potential and actively driven by synaptic pulses, fire action potentials
spontaneously at rest though there are extensive basal and driven inhibitions from Purkinje
cells. This unique basal state and its response to synaptic inputs may represent a functional
convergence of both intrinsic responses and synaptic integration in DCN, and thus encode
the signal information for cerebellar motor learning and memory. The AHP increases seen in
rats post-weaning and the accompanying adaptation of spike frequency provide evidence
that functional immaturity in membrane properties may limit the induction of neural
plasticity in the cerebellum and thereby limit the development of conditioned eye-blink
responses. A smaller AHP amplitude observed in pre-weanling rats indicates the DCN
neurons are more excitable, suggesting they may be capable of establishing learning related
plasticity before weaning and cerebellar learning can happen in rats as early as P12 using
pontine stimulation as the conditioned stimulus (Campolattaro and Freeman, 2008).
However, the expression of robust long-term potentiation in DCN, unlike in the
hippocampus that can be easily evoked by high frequency stimulation (Teyler et al., 1989),
requires high frequency stimulation applied with hyperpolarization (Person and Raman,
2010; Pugh and Raman, 2008). Therefore, maturation of the membrane properties of DCN
could help elicit a steady and strong synaptic plasticity (Pugh and Raman, 2008) that may
underlie the enhanced learning acquisition and memory recall during this narrow
development period (Freeman, Jr. and Nicholson, 1999; Freeman, Jr. and Nicholson, 2000).
Rebound spiking, another intrinsic property of DCN neurons, is regarded as encoding the
amplitude of inhibitory synapses in cerebellar circuit and serving to transfer inhibitory
signals (Pedroarena, 2010). Interestingly, AHP increases were also seen in rebound spikes
from post-weaning rats, which suggests maturation of synaptic inputs especially the
inhibitory inputs (Waters et al., 2006) may be required for associative cerebellar learning
(Bengtsson et al., 2011; Person and Raman, 2012; Witter et al., 2013).
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In addition to the AHP increases noted above, we also found a shortening of APD, AP rising
phase, and AP falling phase among post weanling rats. These maturational changes may be
encoded by several different kinds of ion channels including voltage-gated sodium channels
(Raman et al., 2000), and channels responsible for spike repolarization such as Kv3.1
potassium channels (Pedroarena, 2011), Kv3.3 potassium channels (Waters et al., 2006) ,
sodium activated potassium channels (Bhattacharjee et al., 2002), BK channels (Alvina and
Khodakhah, 2008; Pedroarena, 2011), and N-type voltage-gated calcium channels (Alvina
and Khodakhah, 2008).

Finally, it is worthwhile noting that the changes in membrane properties of adult rat DCN
neurons may be attributable to maturation (Wilber et al., 2007) rather than that triggered by
the cessation of maternal care brought about by separation from the dam at weaning
(Gudsnuk and Champagne, 2011). This maturation may underlie the enhanced acquisition of
eye-blink conditioning seen most clearly at or just after weaning (Wilber et al., 2007) by
maintaining the neurons in a relatively stable state for better signal integration and
regulating the maturation process of synaptic formation as reported in cerebellar granular
cells (Okazawa et al., 2009).

In summary, this is the first demonstration that developmental changes in membrane
properties of rat DCN neurons occur after weaning, specifically starting at P22-25.
Maturation of membrane properties of DCN neurons can explain the facilitated conditioned
eye-blink response observed at this specific age in behavioral studies.
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Fig. 1. Typical recordings of evoked APsby depolarizing current injection in DCN neurons
Left panel (Top, middle, and bottom) represents typical whole-cell current clamp recordings

with depolarizing current injection of 0.1nA in DCN neurons from P19, P24, and P29 rats,
respectively. Right top panel represents the corresponding APs. Right bottom panel
represents AP measures taken.
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Fig. 2. Developmental changesin APD, AP rising phase, AP falling phase, AHP amplitude, and

S1S2 interval

A-E represent the measurements taken for APD, AP rising phase, AP falling phase, AHP
amplitude, and S1S2 interval, respectively. Note that each point in the graphs represents the
result from a single neuron, and dash line illustrates the average at a given age. A shortening
of APD, AP rising phase, and AP falling phases but increased AHP amplitude, prolonged
S1S2 interval were observed in post-weaning group.
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Fig. 3. Developmental changesin membrane properties happened at P22-25
A-D represent the measurements taken for APD, AP falling phase, AHP amplitude, and

S1S2 interval, respectively. Note that each point in the graphs represents the result from a
single neuron, and dash line illustrates the average at a given age. The developmental
changes happened on P22-25 (weaning age).
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Fig. 4. Developmental changesin AHP amplitude of DCN rebound spikes elicited by

hyperpolarization pulses

A represents typical rebound spikes elicited by hyperpolarization current injection of -0.5nA
in DCN neurons from P19, P24, and P29 rats, respectively. B represents AHP amplitude of
rebound spikes from P16-21 group, and P22-40 group, respectively. C represents AHP
amplitude of rebound spikes from P16-21 group, P22-25 group, and P26-40 group,
respectively. Note that each point in the graphs represents the result from a single neuron,
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and dash line illustrates the average at a given age. The developmental changes happened on
P22-25 (weaning age).
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