











sIPSC frequency in these cells. However, consistent with postsynaptic EtOH action, EtOH did
not reduce sIPSC frequency in cells where EtOH suppressed the tonic GABAAR current (%
change = 7.92 + 14.50%) and enhanced sIPSC frequency in cells where EtOH had no effect on
the tonic GABAAR current (% change = 25.99 + 10.28%; Fig 3A). In further support of
postsynaptic EtOH action, the sodium channel antagonist, tetrodotoxin (TTX; 500nM; Fig 3B,C),
which blocks AP-dependent vesicular GABA release from Golgi cells, failed to block EtOH
suppression of tonic GABAAR inhibition. These results are consistent with our previous findings
in mice that EtOH suppresses tonic GABAAR inhibition by postsynaptically inhibiting

extrasynaptic GABAARS.

3.4.4. Variable response to EtOH is mirrored by reduced expression of nNOS
Earlier reports demonstrated that EtOH enhanced GABAergic transmission to GCs by
increasing Golgi cell activity (Carta et al., 2004; Botta et al., 2011; Chapter 2), which was

generated by EtOH-induced inhibition of nNOS (Chapter 2; Kaplan et al., 2013; Mohr et al.,
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Figure 4. PVs and C57BL/6J mice have less mean encirclement of GCs by nNOS than Sprague-Dawley rats
and DBA/2J mice. A. Confocally acquired images of immunohistochemistry for nNOS (red), GAD-65/67
(green) and nuclear stain Hoechst (blue) in the granule cell layer of Sprague-Dawley rat (SDR), DBA/2J
mouse (D2), C57BL/6J mouse (B6) and prairie vole (PV) cerebellum B. Plot of mean percent encirclement of
GC soma/nuclei for age matched SDRs, D2 mice, B6 mice, and PVs. *** indicates SDR and D2s both have
significantly greater nNOS encirclement than B6s and PVs, P < 0.001.



2013). B6 mice, which show little EtOH enhancement of the GC tonic GABA, current, had
reduced and variable nNOS expression, whereas D2 and SDRs, which show EtOH
enhancement of GC tonic GABAAR inhibition, had greater NNOS expression in the GC layer
(Chapter 2; Kaplan et al., 2013). We therefore reasoned that the minimal EtOH enhancement of
PV GC tonic GABA, currents (enhancement in only 1/21 cells recorded) was reflective of
reduced expression of GC layer nNOS and measured nNOS expression using
immunohistochemistry with confocal microscopy in the GC layer of age-matched PVs, B6 and
D2 mice, and SDRs. While nNOS expression was detected in all the genotypes, the nNOS
expression pattern differed across rodents as a function of their EtOH-consumption phenotype
and net EtOH effect on GC tonic GABAAR inhibition (F(3,88) = 62.10, P < .001, one-way
ANOVA; Fig 4). nNOS expression, quantified as the mean percent GC encirclement (see
Methods and Chapter 2), was similarly lower in the high-EtOH consuming PVs (32.53 + 1.67%)
and B6 mice (36.32 + 2.39%) than the low EtOH-consuming D2 mice (58.70 + 1.35%) and
SDRs (56.34 + 1.28%; all P < .001, pairwise comparisons by Student’s t tests). Similar to
previous description of B6 and non-human primates (Chapter 2, Mohr et al., 2013), the majority
of PV GCs were not fully surrounded by nNOS, and many were entirely devoid of nNOS. Thus,
the reduced nNOS expression in the GC layer of the PV is consistent with the predominant

absence of EtOH-induced enhancement of GABAergic transmission to PV GCs.

3.4.5. EtOH effect on GC tonic GABAAR inhibition varies with consumption phenotype

PVs are one of a variety of mammalian genotypes in which we have measured the
impact of 52mM EtOH on GC GABAergic inhibition. The observation that 52mM EtOH, on
average, suppresses PV GC tonic GABA4R inhibition is consistent with EtOH enhancement of
tonic GABAAR inhibition in low-consuming rodents and EtOH-suppression of tonic GABAAR

inhibition in high-consuming rodents. To statistically confirm this pattern, we normalized the
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EtOH response to the total tonic GABAAR current across genotypes, as determined by

GABAzine current within each cell. A one-way ANOVA revealed a significant main effect of

genotype on EtOH’s impact on GC tonic GABA4R inhibition as a percent of the total GABAAR

current (F(4,74) = 21.00, P < .001). Post-hoc comparisons confirmed that low-drinking SDRs

(35.28 + 6.08%, n = 19, from Chapter 2) and D2 mice (10.21 + 5.41%, n = 15, from Chapter 2)

significantly differed from high-consuming B6 mice (-10.67 = 3.43%, n = 15, from Chapter 2) and

PVs (-14.12 + 2.63%, n =
13). Furthermore, EtOH
had a significantly smaller
effect on GC tonic
GABAR inhibition in non-
human primates (0.75 +
0.61%, n =12, from Mohr
et al., 2013), which
express an intermediate
EtOH-consumption
phenotype, than in SDRs
(all P < .01, pairwise
comparisons by Student-
Newman-Keuls t tests).
This divergent EtOH effect
across opposite

consumption phenotypes
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Figure 5. The mean magnitude and polarity of EtOH’s (52mM) effect on the GC
tonic GABAA current varies as a function of EtOH consumption phenotype
during a 2-bottle choice access procedure. Sprague-Dawley rat (SDR), DBA/2J
(D2), and C57BL/6J (B6) data from Kaplan et al. (2013). Non-human primate
(NHP) data from Mohr et al. (2013). **P < .01, ***P < .001.

illuminates the important contribution that GC sensitivity to EtOH can play in behavioral

phenotypes that enhance intake in animals and risk for developing AUDs in humans.
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3.5. Discussion

Genetic contributions to developing an AUD in humans and enhanced EtOH
consumption in rodents is likely reflected in differential responses to EtOH at the cellular level.
We have focused our search to the cerebellum because previous reports have shown that a low
sensitivity to EtOH-induced disruption of cerebellar-dependent behaviors was associated with
increased risk for developing AUDs in humans (Schuckit 1985, Schuckit 1996) and enhanced
EtOH consumption in rodents (Gallaher et al., 1996; Yoneyama et al., 2008). Consistent with
behavioral variation manifesting at the cellular level, we identified that the effect of EtOH on the
magnitude and polarity of tonic GABAAR inhibition of cerebellar GCs varied as a function of
EtOH consumption phenotype, with EtOH causing enhancement in low EtOH consuming
genotypes and suppression in high consuming genotypes (Chapter 2; Kaplan et al., 2013).
Thus, we hypothesized that EtOH suppressed tonic GABAAR inhibition of GCs in high
consuming genotypes. Here, we tested and confirmed the predictive validity of our hypothesis in
the high EtOH-consuming PV, finding that EtOH predominately suppressed tonic GABAAR
inhibition of GCs, which in part was determined by reduced nNOS expression in the GC layer
compared to age-matched low EtOH consuming mice and rats.

Using patch-clamp recordings of brain slices and subunit-selective pharmacological
ligands, we also determined that cerebellar GCs from PVs express functional a6,0 subunit-
containing extrasynaptic GABAARSs that mediate a tonic inhibitory chloride conductance.
Incorporation of a6 and & subunits into GABAARs enhance their sensitivity to low ambient levels
of GABA (Saxena & McDonald, 1996) that results from spillover from neighboring synapses into
the extracellular space (Rossi & Hamann, 1998). The magnitude of the tonic chloride
conductance therefore reflects the general degree of feedback inhibition from afferent Golgi

cells. Because the tonic GABAAR current contributes three-fold more to the overall inhibitory
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charge of the GC compared to synaptically-mediated transmission (Hamann et al., 2002), it
enables fine-tuning of neuronal gain and fidelity of excitatory transmission through the cerebellar
cortex (Mitchell & Silver, 2003; Duguid et al., 2012). The conservation of an extrasynaptic
GABA,R-mediated inhibitory conductance across species such as rats (Rossi & Hamann,
1998), mice (Stell et al., 2003; Chapter 2), and non-human primates (Mohr et al., 2013)
illuminates the importance of its role in modulating neuronal gain (Duguid et al., 2012; Mitchell &

Silver, 2003).

3.5.1. Response to EtOH varies by consumption phenotype

PVs have become an increasingly utilized model for studying EtOH-related behavioral
phenotypes because their high EtOH consumption and preference phenotypes (Anacker et al.,
2011a; Anacker et al., 2011b; Hostetler et al., 2012) are comparable to commonly studied B6
mice (Yoneyama et al., 2008). Similar to B6 mice, 52mM EtOH suppressed ~10% of the PV
tonic GABAAR current in GCs. This supports our previous observations from a variety of
mammalian genotypes: that the magnitude and polarity of the EtOH effect on the tonic GABAA
current in cerebellar GCs parallels their EtOH consumption phenotype, ranging from strong
enhancement in low EtOH consumers to strong suppression in high EtOH consumers (Chapter
2; Kaplan et al., 2013; Mohr et al., 2013). While a 52mM EtOH dose falls along the high end of
those achieved by humans (BEC = 2.45 mg/ml), we have previously identified an escalating
dose-dependent increase in the magnitude of EtOH-induced suppression of tonic GABAAR
inhibition in GCs from B6 mice ranging from 9mM through 79mM (Chapter 2; Kaplan et al.,
2013). Thus, we predict that the EtOH-induced suppression of tonic GABAAR of PV GCs
reported here would also be detected at lower concentrations regularly achieved during casual
social drinking.

As was observed in B6 mice (Chapter 2; Kaplan et al., 2013), EtOH suppressed the

tonic GABAAR current in more than half of the PV GCs recorded via postsynaptic EtOH
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inhibition of extrasynaptic GABAARs. Consistent with postsynaptic EtOH action, suppression of
GC tonic GABAR inhibition was not blocked by TTX and did not coincide with a decrease in
GC sIPSCs, implying that it is independent of AP-dependent vesicular GABA release from Golgi
cells. However, the observation of EtOH suppression in approximately half of the recorded GCs
indicates variability in the ability of EtOH to directly inhibit extrasynaptic GABAsRS. This
variability in EtOH suppression of tonic inhibition of GCs has been observed in cultured neurons
(Yamashita et al., 2006) and in slice recordings (Chapter 2; Kaplan et al., 2013) and likely
reflects variation in the expression of an intracellular substrate that promotes postsynaptic EtOH
action and facilitates direct inhibition of the extrasynaptic GABA,Rs that mediate tonic inhibition.
One likely candidate is PKC activity within the GC. Intracellular block of PKC activity within GCs
of SDRs enabled EtOH suppression of the tonic GABA4 current, which was not observed under
control conditions, whereas activating PKC activity in B6 mice GCs prevented EtOH from
suppressing the tonic GABAAR current (Chapter 2; Kaplan et al., 2013). It's unclear whether the
reduced activity of one or a variety of PKC isoforms promotes EtOH suppression of the tonic
GABAA4R current. However, genetic deletion of PKCy reduced EtOH-stimulated chloride uptake
in cerebellar microsacs and was paralleled by lower sensitivity to EtOH’s effects on the loss of
righting reflex, an assay of cerebellar function (Harris et al., 1995). Although the current study
does not further elucidate the mechanism of EtOH-induced suppression of tonic GABAA
inhibition, future investigation into the role of specific PKC isoforms is warranted since
pharmacologically targeting PKC-mediated phosphorylation of extrasynaptic GABAARs may be

a feasible strategy to curb behaviors that promote enhanced EtOH consumption.

3.5.2. Reduced NOS expression contributes to the lack of EtOH-induced enhancement of tonic
GABAR inhibition
We detected a heterogeneous response to EtOH on GC tonic GABA4R inhibition, which

was predominately limited to suppression or no response. EtOH enhancement of tonic GABAAR
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Chapter 4: A low 9mM EtOH concentration has opposite effects on glutamatergic input to

Purkinje cells in C57BL/6J and DBA/2J mice
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4.1. Introduction

There are substantial cerebellar contributions to AUD risk. The cerebellum is among the
most sensitive brain regions to EtOH modulation (Jia et al., 2008; Kaplan et al., 2013; Liang et
al., 2006; Nie et al., 2000; Peris et al., 1992; Theile et al., 2009), and consistent reports of the
LLR phenotype show that high-risk individuals are less sensitive to acute EtOH-induced
cerebellar ataxia than their low-risk counterparts (Quinn & Fromme, 2011; Schuckit, 1985;
Schuckit, 1994), which together implicate a common underlying neural target by which EtOH
differentially affects cerebellar processing and EtOH consumption. PCs are the sole output of
the cerebellar cortex, making them the final integrators of afferent information. Accordingly,
disrupting or altering transmission to PCs will compromise signal transmission through the
cerebellar cortex, and presumably disrupt cerebellar-dependent behaviors. In Chapters 2 & 3, |
presented evidence that EtOH action on GC tonic GABA4R inhibition differed as a function of
EtOH consumption phenotype, ranging from potentiation of tonic GABAAR inhibition in low-EtOH
consumers to suppression in high consumers. These opposite actions on GC GABA4R inhibition
might differentially influence cerebellar processing due to the consequent differential impact on
GC glutamatergic input to PCs. However, the functional impact that the opposite actions of
EtOH on GC tonic GABALR inhibition has on glutamatergic input to PCs, and consequent PC
output has not been directly tested.

Selective pharmacological manipulation of GC tonic GABAAR currents could provide
insight into the impact that EtOH’s actions on GC GABAAR inhibition has on transmission
through the cerebellar cortex and consequent behavior. Reducing GC tonic inhibition with the
a6-containing GABAAR specific antagonist, furosemide (specific at 100uM; Korpi et al., 1995),
enhanced the excitability of GCs but not Golgi cells, Purkinje cells, or molecular layer
interneurons (Hamann et al., 2002). Given the specificity of furosemide to selectively block GC

tonic GABAR inhibition, Hamann et al. (2002) used furosemide to characterize the role of GC
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tonic GABAR inhibition on transmission through the cerebellar cortex. They found that
furosemide increased the mossy-fiber evoked GC firing frequency, which translated to
enhanced mossy-fiber-evoked PC EPSP amplitudes and firing frequency. Therefore, reducing
GC tonic GABA,R inhibition increased mossy fiber evoked transmission through the cerebellar
cortex. On the other hand, enhancing GC tonic inhibition with the &-subunit selective GABAAR
agonist, THIP, reduced the spontaneous firing of GCs and suppressed the number of stimulus-
evoked APs in vivo (Duguid et al., 2012). Taken together, selectively enhancing GC tonic
GABAR inhibition decreased evoked transmission through the cerebellar cortex while
suppressing GC tonic inhibition enhanced transmission through the cortex. Thus, it seems likely
that EtOH’s opposite actions on GC tonic GABAAR inhibition, as described in chapters 2 and 3,
will similarly exert a disparate effect on transmission through the cerebellar cortex.

EtOH also enhanced GABAergic transmission to PCs by increasing the firing rate of two
types of molecular layer interneurons: stellate and basket cells (Hirono et al., 2009; Mameli et
al., 2008; Wadleigh & Valenzuela, 2012). This increase in inhibitory transmission attenuated PC
eEPSPs and evoked APs, but not PC spontaneous firing frequency (Mameli et al., 2008).
Therefore, EtOH influenced GABAAR transmission in at least at two primary locations to disrupt
cerebellar processing, GCs and PCs. Their relative contributions to EtOH-induced cerebellar
impairment and whether they differ across rodents with opposite EtOH-related behavioral
phenotypes is unknown.

Using whole-cell patch clamp from PCs in acutely prepared cerebellar slices, | tested the
general hypothesis that EtOH differentially disrupts spontaneous and evoked signal
transmission through the cerebellar cortex in B6 and D2 mice. | specifically hypothesized that
EtOH’s opposite effects on GC GABA4R inhibition between B6 and D2 mice differentially

impacts spontaneous and mossy-fiber evoked excitatory input to PCs.

4.2. Methods
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4.2.1. Preparation of brain slices

All procedures conform to the regulations detailed in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the Oregon Health & Science University. Cerebellar slices
were prepared acutely on each day of experimentation (Hamann et al., 2002; Rossi et al.,
2003). Male B6 and D2 mice (24-35 days old), were housed with 2-6 animals/cage, and
maintained on a standard 12 hour light/dark cycle. Animals were anaesthetized with isoflurane
and euthanized by decapitation. The whole brain was rapidly isolated and immersed in ice cold
(0-2°C) aCSF containing (in mM): 124 NaCl, 26 NaHCO3, 1 NaH,PO,, 2.5 KClI, 2.5 CaCl,, 2
MgCl,, 10 D-glucose, and bubbled with 95%0,/5% CO, (pH 7.4). The cerebellum was dissected
out of the brain and mounted, parallel to the sagittal plane, in a slicing chamber filled with ice
cold (0-2°C) aCSF. Parasagittal slices (225um) were made with a vibrating tissue slicer
(Vibratome). Slices were incubated in warmed aCSF (33+1°C) for one hour after dissection and
then held at 22-23°C until used. Kynurenic acid (1 mM) was included in the dissection,
incubation and holding solution (to block glutamate receptors to reduce potential excitotoxic
damage) but was omitted from the experimental solutions.
4.2.2. Electrophysiology

Slices were placed in a submersion chamber on an upright microscope, and viewed with
an Olympus 60X (0.9 numerical aperture) water immersion objective with differential
interference contrast and infrared optics. Slices were perfused with aCSF at a rate of ~7ml/min
at 31-34°C. Drugs were dissolved in aCSF and applied by bath perfusion. Visually identified
PCs were either voltage-clamped or current-clamped with patch pipettes, constructed from
thick-walled borosilicate glass capillaries and filled with internal solutions optimized for current
or voltage clamp recording, as described below. For testing the effect of 9mM EtOH on PC
sIPSC frequency in the presence of the ionotropic glutamate receptor antagonist, kynurenic acid
(2mM), the internal solution for these voltage-clamp experiments contained (in mM): CsClI 130,
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NaCl 4, CaCl, 0.5, HEPES 10, EGTA 5, MgATP 4, Na,GTP 0.5, QX-314 5. Solutions were pH
adjusted to 7.2-7.3 with CsOH. This solution was developed to optimize identification of
GABA,R-mediated CI currents. Note, the intracellular [CI] sets E¢- to ~OmV, which for the
holding potentials used in these experiments (V;, = -60mV), results in GABAAR currents being
inward. Separate voltage-clamp experiments assessed the effect of 31mM and 52mM EtOH on
PC sIPSCs with V,, = +10. The internal solution for these voltage-clamp experiments was (in
mM): Cs-gluconate 130, NaCl 4, HEPES 10, BAPTA 5, ATP Mg2+ salt 4, GTP Na'salt 0.5, QX-
314 CI 5, Paxilline 100nM, TEA 10. This solution was developed for stable PC recordings at a
depolarized potential. Hence, paxilline and TEA were included to block Ca**-activated
potassium channels. The internal solution for all current-clamp experiments was (in mM): K-
gluconate 132.3, KCI 7.7, NaCl 4, CaCl, 0.5, HEPES 10, EGTA free acid 5, ATP Mg** salt 4,
GTP Na'salt 0.5. Solutions were pH buffered to 7.2-7.3 with KOH. This solution doesn’t include
channel blockers and mimics a physiological intracellular solution. Electrode resistance was 1.5
to 3 MQ. Cells were rejected if access resistance was greater than 15 MQ or if access
resistance changed by > 15%. In all cases, only one cell was recorded from a given slice. The
stimulating electrode was filled with aCSF and lowered into contact with the white matter tracks
of the same lobe as the recorded PC. To stimulate mossy fibers, the stimulating electrode was
placed a mean of 480um from the recording electrode. Stimulation intensity was adjusted to
obtain PC eEPSP amplitudes (minimum amplitude 0.5mV) without activating climbing fibers.
Stimulations that elicited complex spikes at the PC (from climbing fibers) were excluded in order
to isolate the effects of stimulating mossy fibers. Mean mossy fiber stimulation intensities
between strains were 341.82 + 44.22pA for B6 mice and 354.71 + 38.50uA for D2 mice. Cells
with peak eEPSP amplitudes of less than 0.5mV were only analyzed for spontaneous activity.
After acquiring a whole-cell patch recording, holding current was added to maintain the PC at a
resting membrane potential between -60 and -62mV. There were no strain differences in holding
current (B6: -243.04 + 18.14pA; D2: -254.13 + 9.90pA, P = .61).
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In cases where the slice was exposed to more than one drug or different doses of the
same drug, the order of drug application was randomized across slices. In all cases of multiple
drug exposures to the same slice, a stable baseline was obtained following washout of drug for
a minimum of 4 minutes. However, control experiments were never done on slices that had
been exposed to GABAzine as the efficacy and time required to adequately wash GABAzine
was preclusive of additional unrelated experimentation.

4.2.3. Statistics

All data are expressed as the mean + the standard error of the mean. Percent change
scores were calculated by comparing the eEPSP amplitude of the drug condition to the mean
eEPSP amplitudes in the pre- and post-drug control conditions. To compare the effect of EtOH
on PC eEPSP amplitudes from stimulations 2-10 in each train, the percent change by EtOH on
the amplitude of each eEPSP# was taken as a ratio of the EtOH-induced % change in the first
eEPSP of each train (ratio = % change eEPSP#1/% change eEPSP#2-10). Repeated measures
ANOVA was used to detect significant interactions between EPSP# and strain effects. Between-
strain post-hoc analyses were conducted using Student’s t-tests. All other statistical
comparisons were made with unpaired or one-sample t tests. In all cases, statistical tests were
two-tailed. The threshold for significance was set at P < 0.05. No statistical methods were used
to pre-determine sample sizes but our sample sizes are similar to those reported in the field
(Carta et al., 2004; Hamann et al., 2002; Hanchar et al., 2005; Rossi et al, 2003).

4.2.4. Reagents
All reagents were from Sigma Chemicals (St. Louis, MO) except for GABAzine and

kynurenic acid (Abcam, UK).

4.3. Results
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4.3.1. A Low EtOH concentration differentially affects evoked excitatory input to PCs in B6 and

D2 mice

eEPSPs in control & 9mM EtOH
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the evoked EPSP (eEPSP) Figure 1. 9mM EtOH differentially affects PC eEPSP amplitudes in B6 and
D2 mice. A. Representative current-clamp traces of PC eEPSPs from B6
amplitude during a train of (top) and D2 mice (bottom) in control (black) and 9mM EtOH (purple). The

first eEPSP in each train is enlarged (dotted boxes). B. Summary bar chart
displaying the EtOH-induced percent change in the first PC eEPSP peak
amplitude in each train, from baseline, in B6 mice (black) and D2s (gray). #
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in the presence of 9mM, 31mM, or 52mM EtOH (doses chosen for continuity with experiments
presented in chapter 2). Analysis of the first stimulation in each train enabled me to assess the
effect of EtOH on evoked transmission independent of network feedback. Bath application of the
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low EtOH concentration, 9mM, a concentration at which D2 mice but not B6s show significant
cerebellar ataxia (Gallaher et al., 1996), enhanced and reduced the amplitude of the first PC
eEPSP in D2 and B6 mice, respectively, which differed at trend level (t(24) = 2.01, P = .055,
unpaired t test; D2: 3.35 £ 3.19% increase, n = 14; B6: -5.02 + 2.51%, n = 12; Fig. 1A,B). The
effect of 9mM EtOH and the difference between these two strains was blocked by the broad-
spectrum GABAAR antagonist, GABAzine (10uM; B6: 2.20 £ 6.47, n = 9; D2: -4.63 + 4.81%, n =
6, P = .46, unpaired t test), suggesting that differences in 9mM EtOH’s effects on mossy fiber-
evoked transmission to PCs is mediated by GABAARS.

The EtOH-induced percent change in amplitude of the remaining stimulations in each
train, stimulations 2-10, were analyzed as a proportion of the first stimulation (see Methods
4.2.3). A mixed-factorial ANOVA revealed a significant interaction between strain and
stimulation number (F(8,197) = 2.14, P = .035). Post-hoc analysis identified that EtOH
differentially affected PC eEPSP amplitude for stimuli 9 and 10 between B6 and D2 mice and
within D2 mice (eEPSP amplitude for stimulus 8 differed from 9 and 10 in D2s, all P < .05; Fig.
1C). Together, these results suggest that 9mM EtOH differentially affected evoked transmission

through the cerebellar cortex in B6 and D2 mice.

4.3.2. Moderate-high EtOH concentrations reduce excitatory input to PCs in B6 and D2 mice
Many humans and mice, especially B6 mice, will voluntarily reach BEC levels that meet
binge criteria (i.e., 80mg/dl or 17mM). To assess the effect of higher EtOH concentrations on
evoked transmission through the cerebellar cortex, | repeated the same procedure as described
above with 31mM, the concentration at which B6 mice show significant cerebellar ataxia (D2
mice show significant cerebellar ataxia at 9mM; Gallaher et al., 1996), and 52mM EtOH. Both
31mM and 52mM EtOH similarly attenuated PC eEPSPs from the first stimulation (P > .05; Fig.
2A) in B6 (31mM: -33.46 + 10.05%, n = 15; 52mM: -15.45 + 14.21%, n = 16) and D2 (31mM: -
36.90 = 23.10%, n = 26; 52mM: -22.97 + 4.00%, n = 14) mice. There was also no difference in
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the degree of attenuation of PC eEPSPs by 31mM and 52mM EtOH from stimulations 2-10 in
B6 or D2 mice (all P > .05; Fig. 2B). Together, these results indicate that there are strain
differences in EtOH's impact on PC EPSPs at an EtOH concentration where, in vivo, D2 mice
but not B6 mice show cerebellar ataxia (9mM; Gallaher et al., 1996), but these strain differences
disappear at higher EtOH concentrations in which both strains are ataxic (31mM and 52mM,;
Gallaher et al., 1996), possibly reflecting broader neural impacts of EtOH induced during more

severe intoxication.
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4.3.3. EtOH enhancement of GABAAR inhibition reduces spontaneous excitatory input to PCs in
D2 but not B6 mice

9mM EtOH differentially affected evoked excitatory transmission to PCs between strains
(Fig. 1), but while this electrical stimulation procedure is a valid method for exposing general

EtOH-induced changes to the excitatory/inhibitory balance in the cerebellar cortex, the response

110



to large and indiscriminate electrical stimulation might obscure more physiologically relevant
impacts of EtOH during more natural afferent activity. | therefore measured PC sEPSP
frequencies to assess the effect of 9mM EtOH on non-electrically-evoked, spontaneous
glutamatergic input to PCs. 9mM EtOH significantly reduced PC sEPSP frequency in D2 mice (-
20.85 1 7.79%, n = 16; t(15) = 2.68, P = .017, one-sample t test), but had no impact on SEPSP
frequency in B6 mice (-0.56 = 7.96%, n = 12, P = .95; Fig. 3A,C). GABAzine blocked 9mM EtOH
selective enhancement of SEPSP frequency in D2 mice and had no effect in B6 mice (B6: -3.52
+15.28%, n = 12; D2: 0.35 £ 13.92%, n = 12, all P > .05, one-sample t test; Fig. 3C). Together,
these findings suggest that GCs from D2 mice are more sensitive to the inhibitory effects of
9ImM EtOH, which reduces spontaneous excitatory transmission to PCs. However, 31mM EtOH,
the threshold concentration at which cerebellar ataxia manifests in B6 mice (Gallaher et al.,
1996), reduced sEPSP frequency in both mouse strains (D2: -33.34 + 8.40%, n=7, P = .007,
one-sample t test; B6: -18.38 + 6.18, n = 9, P =.018; Fig. B,C). Interestingly, GABAzine reduced
EtOH’s effect on sEPSP frequency in D2 mice at trend level (-14.43 + 6.93%, t(6) = 2.12, P =
.078, paired t test), but had no effect in B6 mice (-16.37 + 6.95%, t(8) = 0.21, P = .84, Fig. 3C).
These results reveal that the onset of behavioral intoxication in B6 mice coincides with EtOH
activation of non-GABAR targets (see discussion below), while behavioral intoxication in D2

mice likely results from enhanced GABA4R inhibition of cerebellar GCs.
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Figure 3. 9mM EtOH reduces PC sEPSPs in D2 but not B6 mice by enhancing GABAAaR inhibition. A,B.
Representative current-clamp traces of PC sEPSPs in control (black), 9mM EtOH (purple), and 31mM EtOH (green)
in B6 mice (top) and D2 mice (bottom). C. Summary bar charts showing the percent change in PC sEPSP frequency
by 9mM EtOH and 31mM EtOH under control conditions and in GABAzine in B6 (black) and D2 (gray) mice. *
indicates significant difference from baseline, P < .05, ** P < .01, # indicates different at trend level P = .08.
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Because EPSPs represent the net effect of excitatory and inhibitory input, an EtOH-

induced enhancement in inhibitory input to the PC in D2 mice could have obfuscated excitatory
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potentials. We therefore repeated the experiments using voltage-clamp, V,, = -60; E¢ = -60, to
isolate EPSCs. Again, 9mM EtOH reduced PC sEPSC frequency in DBA/2J mice but not in
C57BL/6J mice (D2: -21.13 £ 5.79%, n = 6 cells, P = .015, one-sample t test; B6: 1.94 + 7.31%,
n =6, P =.80; Fig 4A,D). This strain difference disappears at 31mM EtOH (D2: -23.41 + 5.50%,
n = 8 cells, P =.004, one-sample t test; B6: -23.97 + 8.96%, n = 8, P = .032; Fig 4B,D), a
concentration at which cerebellar impairment manifests in both strains (Gallaher et al., 1996).
To confirm that an enhancement in GC tonic GABAAR inhibition reduces spontaneous GC input
to PCs in both mouse strains, we increased GC tonic GABAAR inhibition with the selective &-
subunit GABAAR agonist, THIP (300nM). THIP predictably reduced sEPSC frequency in PCs
from both D2 mice and B6 mice (D2: -25.62 + 8.33%, n = 6 cells, P =.028, one-sample t test;
B6: -18.00 + 6.83%, n =7, P =.039; Fig. 4C,D), providing further support that enhancement of
GC tonic GABAR inhibition by 9mM EtOH, which is present in D2 mice, but absent in B6 mice

(Chapter 2; Kaplan et al., 2013), reduced glutamatergic input to PCs.
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Figure 4. Enhancing GC GABAR inhibition reduces PC sEPSC frequency. A,B,C Representative voltage-clamp
traces of PC sEPSCs in control (black), 9mM EtOH (purple), 31mM EtOH (green), and THIP (300nM; blue) in B6
mice (top) and D2 mice (bottom). D. Summary bar charts showing the percent change in PC sEPSC frequency by

9mM EtOH, 31mM EtOH, and THIP in B6 (black) and D2 (gray) mice. * indicates significant difference from baseline,
P < .05, ** P <.01.
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4.3.4. 9mM EtOH does not differentially modulate molecular layer interneuron activity

An additional GABAR target of EtOH-induced cerebellar disruption may come from

enhancement in GABAergic transmission to PCs from stellate and basket cells, although

previous reports failed to find robust increases in PC sIPSCs from EtOH concentrations below

50mM (Hirono et al., 2009; Mameli et al., 2008). To assess if stellate and basket cell sensitivity

to EtOH differs between animals with opposite EtOH-related behavioral phenotypes, | first

voltage-clamped PCs (V= -60mV, E¢ = ~-OmV) and measured the effect of 9mM EtOH on PC

sIPSCs in the presence of kynurenic acid (2mM) to block the effect of differential GC inputs. In

both strains, 9mM EtOH had no effect on PC sIPSC frequency (all P < .05, from one-sample t

tests; B6: -1.62 £ 10.05%, n = 5; D2: 2.32 + 3.06%, n = 5; Fig. 5A,C). Therefore, molecular layer

A

Control +

kynurenic acid kynurenic acid

e

B

9mM EtOH + Control +
kynurenic acid

D2
T oo
100ms

o

- 1001
[5]
5
S 80
o
o 60 -
w
o
(1] 40.
Q
o
£ 20
(]
2
2 0 1
[&]
X 20

52 9 52
B6 D2
EtOH concentration (mM)

113

52mM EtOH +
kynurenic acid

10pA
100ms

Figure 5. EtOH dose-
dependently increases
PC sIPSCs in the
presence of the ionotropic
glutamate receptor
antagonist, kynurenic
acid (2mM) in D2 mice.
A. Representative
voltage-clamp recordings
(Vh:-60, Ec|> = OmV) of
PC sIPSCs in control
(black) and 9mM EtOH
(purple) in B6 (top) and
D2 mice (bottom). B.
Representative voltage-
clamp recordings of PC
sIPSCs in control (black),
31mM EtOH (green), and
52mM EtOH (red), from
different cells than in A.
C. Summary bar chart
showing the 9mM, 31mM,
and 52mM EtOH-
induced percent change
in PC sIPSCs frequency
in B6 mice (left; black
bars) and D2 mice (right;
gray bars). * P < .05, one-
sample t test.



interneurons are not sensitive to a low EtOH concentration in which differential effects on GC
tonic GABAR inhibition and excitatory transmission through the cerebellar cortex are observed.
However, it's possible that molecular layer interneuron sensitivity to higher EtOH concentrations
could contribute to behavioral intoxication. 31mM and 52mM EtOH increased PC sIPSC
frequency in D2 mice (31mM: 24.63 £ 6.84%, n =5; 52mM: 57.46 £ 17.77%, n = 5, all P < .05,
one-sample t tests, Fig. 5B,C), but had no significant effects in B6 mice (31mM: 12.05 +
10.01%, n = 4; 52mM: 6.34 + 9.43%, n = 4, all P > .05, one-sample t tests; Fig. 5B,C). The
effect of 52mM EtOH, but not 31mM EtOH, on PC sIPSC frequency significantly differed
between strains (P = .043). Together, these results indicate that moderate-high EtOH
concentrations enhance stellate and basket cell activity in D2 mice independent of glutamatergic
input. Furthermore, they suggest that differences seen in 9mM EtOH’s effect on mossy fiber-
evoked transmission to PCs between strains are due to differences upstream of the PC-
molecular layer interneuron synapse, presumably at the GC.

EtOH's effect on GC tonic GABAAR inhibition may influence parallel fiber driven
molecular layer interneuron input to PCs. 31mM and 52mM EtOH similarly reduced mossy fiber-
evoked parallel fiber input to PCs in B6 and D2 mice (Fig. 2), which presumably also attenuates
excitatory input to stellate and basket cells. To assess if EtOH-induced dampening of excitatory
transmission through the cerebellar cortex affects stellate and basket cell input to PCs, |
similarly voltage-clamped PCs, but this time, manipulated the chloride gradient in order to
isolate IPSCs (V,= +10mV, Ec = ~-60mV) and tested the effects of 31mM and 52mM EtOH in
the absence of kynurenic acid to incorporate EtOH’s effects on network dynamics. 31mM EtOH
caused a modest but significant increase in PC sIPSC frequency in D2 mice (t(9) =2.42, P =
.038, one-sample t test, n = 10, 9.78 + 4.03%), while only increasing PC sIPSC frequency at
trend level in B6 mice (t(9) = 1.95, P = .083, one-sample t test, n = 10, 7.76 + 3.98%; there was
no difference between B6 and D2 mice, P = .73, unpaired t test; Fig. 6). The higher 52mM EtOH
concentration caused inconsistent and a non-statistically significant effect on PC sIPSC
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frequency in B6 mice (5.37 + 7.15% increase), but caused a much larger increase in PC sIPSC

frequency in D2s (49.38 £ 23.17%, n = 6; Fig 6). In all cases, there were no statistically

significant differences between EtOH'’s effects on PC sIPSC frequency in the presence or in the

absence of kynurenic acid (all P > .05). This suggests that EtOH had similar effects on
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B 100 - Representative voltage-clamp
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80 +10mV, E¢i=-60mV) in
control (black), 31mM EtOH
60 (green), and 52mM EtOH

(red) from B6 mice (top) and
D2 mice (bottom). B.
# Summary bar chart showing
the EtOH-induced change in
0 jlll ﬁ PC sIPSC frequency from
52mM control in B6 mice (black

EtOH concentration bars) and D2 mice (gray
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molecular layer interneuron activity
regardless of EtOH-induced
changes to GC activity. Together,
these findings suggest that
cerebellar molecular layer
interneurons are insensitive to
modulation by low EtOH
concentrations and likely don't
contribute to variation in EtOH-
related behaviors observed at
low BECs. However, elevated
stellate and basket cell input to
PCs by moderate-high EtOH
concentrations may contribute to
cerebellar impairment in D2

mice.

4.3.5. THIP and furosemide modulate evoked excitatory input to PCs

Enhancing GC tonic GABAAR inhibition with the selective 8-subunit GABAAR agonist,

THIP, increases the probability of mossy fiber evoked GC s

pike failures (Duguid et al., 2012). In

contrast, reducing GC tonic GABAAR with the a6-subunit GABAAR antagonist, furosemide,
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increases the mossy fiber evoked excitatory transmission to PCs in SDRs (Hamann et al.,
2002). To confirm that enhancement and suppression of GC tonic GABAAR inhibition similarly
affected mossy fiber evoked transmission to PCs in B6 and D2 mice, | current clamped PCs and
tested the effect of THIP (300nM) and furosemide (100uM) on PC eEPSP amplitude. THIP
predictably reduced the PC eEPSP amplitude in D2 mice (-6.51 + 2.21%, n =7, P = .026, one-
sample t test), but the reduction in the mean PC eEPSP amplitude in the B6 mouse (-10.12 £
6.35%, n = 6) was not statistically significant (P = .17, one-sample t test), perhaps due to low
statistical power. However, there were no differences in the effect of THIP on PC eEPSP
amplitude between strains (P = .58, unpaired t test). On the contrary, furosemide’s effect on PC
eEPSP amplitudes was notably variable, causing neither consistent enhancement nor
suppression, in either strain (B6: 12.44 + 14.36%, n = 9; D2: 1.00 = 7.92%, n =7; all P > .05,
one-sample t tests). As a result, furosemide’s effect on PC eEPSP amplitude was statistically
similar between the strains (P = .57, unpaired t test). The reasons for this variability are unclear,

but some potential explanations are discussed in detail below.

4.4. Discussion

Here, | demonstrate that opposite effects of 9mM EtOH on GC tonic GABAAR inhibition
between B6 and D2 mice differentially modulate mossy fiber-evoked excitatory transmission to
PCs, albeit in a more complicated manner than expected. 9mM EtOH reduced the frequency of
spontaneous glutamatergic PC EPSPs and EPSCs in D2 mice but had no effect in B6s mice.
These findings suggest that EtOH (9mM) enhancement of GC tonic GABAAR inhibition in D2
mice is sufficient to reduce GC firing, whereas EtOH (9mM) suppression of tonic GABAAR in B6
mice did not significantly affect GC firing. Importantly, the GABAAR antagonist, GABAzine,
abolished the EtOH-induced reduction of PC sEPSPs, confirming that EtOH-induced changes in
GC firing were mediated by EtOH enhancement of GC GABA4R currents. Interestingly, 9mM
EtOH also caused differential effects on mossy fiber-evoked transmission through the cortex, as
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expressed by the mossy fiber-evoked PC EPSPs: it enhanced transmission in the D2s and
suppressed it in the B6s. However, moderate-high EtOH concentrations (31mM and 52mM),
which had opposite effects on GC tonic GABA4R inhibition in B6 and D2 mice (Chapter 2),
suppressed mossy-fiber evoked excitatory input to PCs in both B6 and D2s, and to a similar
degree. The loss of differential impacts at higher EtOH concentrations mirrors the breakdown of
differential behavioral responses at higher EtOH concentrations (Gallaher et al., 1996),
presumably because higher concentrations of EtOH recruit additional non-genetically variable
mechanisms that suppress transmission through the cerebellar cortex and thereby obscure
differential actions at GC tonic GABAAR currents (Fig. 6). In further support of this conclusion,
31mM EtOH, in the presence of GABAzine, similarly suppressed PC sEPSP frequency in both
strains, exposing a similar contribution of non-GABAAR EtOH targets in B6 and D2 mice at
EtOH concentrations at which both strains are intoxicated (Gallaher et al., 1996).

Another aim of this chapter was to directly assess the influence of EtOH on GABAAR
transmission from molecular layer interneurons to PCs. In both strains, 9mM EtOH had no effect
on PC sIPSCs when ionotropic glutamate receptors were blocked with kynurenic acid, and there
were no strain differences in the modest enhancement of PC sIPSCs by 31mM EtOH,
regardless if kynurenate was or was not present. These findings indicate that the effect of low-
moderate concentrations of EtOH on molecular layer interneuron inhibition of PCs ranges from
nothing to small enhancement, but importantly, there were no significant differences between
B6 and D2 mice. Instead, the relative lack of effect of 9mM EtOH on molecular layer interneuron
activity and complete lack of difference between mouse strains suggests that the observed
variation in mossy fiber-evoked PC response stems from the clear differences in EtOH's effect

on GC inhibition (Chapter 2).

4.4.1. Proposed influence of the spatial relationship between activated GCs and recorded PC
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An important finding from these studies is that 9mM EtOH differentially affected
spontaneous and mossy fiber-evoked excitatory transmission to PCs between mouse strains
with opposite EtOH-related behavioral phenotypes. This EtOH concentration is the threshold at
which D2 mice, but not B6 mice, show significant cerebellar impairment of rotarod performance
(Gallaher et al., 1996), making it tempting to speculate that a reduction in glutamatergic input to
PCs by 9mM EtOH is the neural signature of high sensitivity to cerebellar impairment. 9mM
EtOH reduced spontaneous glutamatergic input to PCs in D2 mice likely due to EtOH enhancing
GC tonic GABAR currents, which has a notably greater contribution to the inhibitory charge of
the GC than phasic GABA4R currents (Hamann et al., 2002; Duguid et al., 2012). Furthermore,
it is consistent with findings that THIP reduced PC sEPSC frequency reported here in vitro and
previously by Duguid et al. (2012) who demonstrated that THIP reduces the spontaneous firing
rate of SDR GCs in vivo. Thus, enhancement in GC tonic GABAAR inhibition by 9mM EtOH in
D2 mice decreases GC excitability and reduces glutamatergic input to PCs.

Overall, the hypothesis that opposite EtOH actions on GC tonic GABAAR inhibition
contribute to differential effects on mossy fiber-evoked transmission to PCs was supported.
9ImM EtOH enhanced mossy fiber-evoked excitatory input to PCs from D2 mice while reducing it
in B6 mice. However, the direction of this effect was paradoxical to those predicted based on
the direction of EtOH’s effects on GC tonic GABAAR inhibition (Chapter 2; Kaplan et al., 2013),
and the reduction in SEPSP and sePSC frequency by 9mM EtOH in D2 mouse PCs. One
potential explanation for these paradoxical results derives from the spatial orientation between
excited GCs and the recorded PC. These same spatial factors could also explain the variability

in eEPSP amplitudes from the selective pharmacological agents, THIP and furosemide.

4.4.1a. Spatial factors may contribute to paradoxical effects of 9mM EtOH and variability in

furosemide and THIP effects
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In slice experiments, the mossy fiber-GC relay provides purely glutamatergic input to the
PC directly above the activated GCs (Dizon & Khodakhah, 2011). In this circumstance, the PC
firing rate increases in direct relation to the mossy fiber’s firing rate. However, PCs positioned
more lateral to a given population of GCs receive increasing amounts of inhibition from
molecular layer interneurons that are activated by the parallel fibers from the given group of
GCs (Dizon & Khodakhah, 2011; Park et al., 2012). This concept, known as “reciprocal
signaling”, suggests that the further lateral the recorded PC is from the stimulated mossy fibers,
the greater amount of inhibition relative to excitation they will receive. Consequently, the
variation in the magnitude of reciprocal signaling is a source of variability among the EtOH data,
as well as the THIP and furosemide data described in this chapter. Thus, the proportional
influence that a particular GC has on Golgi cells, molecular layer interneurons, and PCs may
differ across GCs based on their relative spatial orientation within the slice (Dizon & Khodakhah,
2011). For instance, a particular GC may have a strong influence on PC EPSP amplitude, little
impact on feedforward inhibition of PCs from molecular layer interneurons, and no influence on
Golgi cell negative feedback. The influence of each of these components can vary across
spatial parameters. Under this framework, the 9mM EtOH-induced change in PC seEPSP and
sSEPSC frequency, which is absent in B6 mice and reduced in D2 mice, may reflect a new GC
steady state by EtOH, but may not be predictive of the response determined by a broad
population of GCs, Golgi cells, and molecular layer interneurons in mediating mossy fiber-
evoked PC eEPSPs. Mossy fiber-stimulation may recruit a different subset of GCs with
differential proportional effects that contribute to enhanced feedforward inhibition of PCs in B6
mice and perhaps reduced feedforward inhibition of PCs but enhanced feedback inhibition of
GCs in D2 mice. As a result, spatial factors likely contributed to reversing the polarity of 9mM
EtOH’s effects on PC eEPSP amplitude from my initial predictions.

Similar engagement of GCs with differential proportional influence on molecular layer
interneurons on Golgi cells could explain the variable effects of the a6-GABAAR antagonist,
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furosemide, in both strains, on mossy fiber-evoked PC eEPSP amplitude. In some cases,
furosemide enhanced PC eEPSP amplitude while in others, it reduced PC eEPSP amplitude. In
cases where it reduced PC eEPSP amplitude, furosemide may have enhanced the activity of a
population of GCs that, due to a particular spatial orientation within the slice and innervation of
interneurons, enhanced feedforward inhibition of PCs and feedback inhibition of GCs. Similar
but opposite effects could have resulted during bath application of THIP, which by inhibiting
GCs, may have selectively reduced glutamatergic input to PCs, or had a stronger impact on
reducing feedforward inhibition of PCs.

The protocol used in the current study could be improved in the future by using
optogenetic stimulation of mossy fibers. This would enable a more precise assessment of the
spatial orientation between activated GCs and the recorded PC to ensure consistency across

conditions and strains.

4.4.1b. Influence of Golgi cell firing rates on GC inhibition and input to PCs

Direct Golgi cell innervation of GCs produce fast IPSCs while spillover creates slow
indirect IPSCs (Rossi & Hamann, 1998). We confirmed similar general GC IPSC amplitudes and
decay times between B6 and D2 mice in Chapter 2, but it's important to note that the fast and
slow IPSC components can vary across GCs because not all GC dendrites form synapses with
Golgi cell terminals (Jakab & Hamori, 1988). Thus, the magnitude and temporal regulation of the
inhibitory charge transfer to the GC differs as a function of direct versus indirect Golgi cell
innervation, determined by the spatial relationship between activated GCs and innervating Golgi
cells, which can have consequences on signal integration and GC firing. Both fast and slow
forms of inhibition affect GC spike timing from mossy-fiber input, but in a differential manner.
Fast inhibition has a stronger effect on decreasing the initial spike rate, while slow inhibition
strongly suppresses the spike frequency later in the train (Crowley et al., 2009). Thus, fast and
slow forms of inhibition differentially affect the input-output relationship of the mossy fiber-GC
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relay. Importantly, the frequency of Golgi cell firing rates can influence the relative magnitude of
the fast versus slow components. Fast and slow inhibitory components make a similar
contribution to the inhibitory charge transfer to the GC at low Golgi cell firing rates (Holtzman et
al., 2006), but an increase in the Golgi cell firing rate would increase the slow IPSC contribution
and decrease that of the fast IPSC (Crowley et al., 2009). Consequently, the fast and slow
components contribute in different ways to the inhibitory charge of the GC, which is determined
by the characteristics of GC innervations by Golgi cells and potentially by the underappreciated
heterogeneity of Golgi cell subtypes in the cerebellum (Simat et al., 2007). Because EtOH, on
average, reduced GC tonic GABAAR inhibition in B6 mice (Chapter 2), it was predicted that
9mM EtOH would enhance spontaneous GC activity reflecting greater excitation. However, both
the lack of effect of 9mM EtOH on spontaneous GC activity and the slight reduction in mossy
fiber-evoked glutamatergic input to PCs by EtOH was unexpected. It is feasible that both of
these unexpected findings could be attributed to a shift in the inhibitory balance from fast IPSCs
to slow IPSCs as greater amounts of negative feedback spillover from neighboring synapses.
This could prevent an increase in spontaneous GC firing and reduce mossy fiber-evoked
transmission to PCs. Another non-exclusive possibility is that stimulating mossy fibers causes a
greater degree of feedforward inhibition of GCs in B6 mice than in D2 mice. This resulting
enhanced ratio of slow:fast IPSCs would have a stronger inhibitory effect on the GC and
potentially reduce glutamatergic transmission to PCs, which was the average response detected
in B6 mice.

Similarly, variability in the effects of THIP and furosemide on mossy fiber-evoked
transmission to PCs could derive from shifts in the balance between slow versus fast forms of
inhibition. Furosemide was expected to increase mossy fiber-evoked transmission to PCs,
consistent with previous reports (Hamann et al., 2002). However, in my hands, furosemide
enhanced PC eEPSP amplitudes in some recordings but suppressed them in others. Because
furosemide directly enhances GC excitability by antagonizing a6-GABA,Rs (Hamann et al.,

121



2002), there should be a coinciding increase in negative feedback from Golgi cells. Depending
on the degree of Golgi cell innervations of GCs, and whether they provide fast versus slow
inhibition of the GC, could determine whether furosemide’s direct disinhibitory action on GCs is
overridden by negative feedback from Golgi cells. Additionally, the extent of parallel fiber
innervation of Golgi cells across slices could differentially determine the net effect of
furosemide. Furosemide, under conditions of high parallel fiber innervation of Golgi cells would
strongly increase negative feedback and elevate ambient GABA, thereby shifting the balance
towards slow GC IPSCs. Consequently, mossy fiber-evoked PC eEPSP amplitude may be
reduced if Golgi cell innervation by parallel fibers was high, Golgi cell spiking rates were
increased, and the relative proportion of slow:fast IPSCs was enhanced. A similar but opposite
phenomenon may have occurred for THIP application. Since THIP reduces GC excitation by
enhancing &-subunit GABAAR activity (Duguid et al., 2012), the coinciding reduction in negative
feedback from Golgi cells highly innervated by parallel fibers within the slice may have been
sufficient to have a slight disinhibitory effect, especially if there was a large degree of spillover-
driven slow IPSCs, and enhance mossy fiber-evoked transmission to PCs in some
circumstances. A better understanding of the effects of furosemide, THIP, and EtOH are needed
on the firing rates of Golgi cells and whether these effects differ as a function of baseline firing
rate. This could be accomplished using current-clamp of Golgi cells and comparing their

baseline spike frequencies and the effect of the drug between mouse strains.

4.4.1c. GC axonal GABA4R likely don’t contribute to EtOH’s paradoxical actions

GABA,Rs expressed on GC axons have been proposed to play an important role
providing glutamatergic input to PCs (Pugh & Jahr, 2011; Pugh & Jahr, 2013). Unlike activation
of GABA,Rs at the synapse or neighboring extrasynaptic regions, activation of axonal GABAsRs

is depolarizing due to a reduced chloride gradient in the axon (Pugh & Jahr, 2011; Pugh & Jahr,
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2013). Whether EtOH interacts with these axonal GABAARS is unclear, but could depend on
unknown factors such as subunit composition and phosphorylation status.

While much of the emphasis of this dissertation has been on EtOH’s actions at GC
extrasynaptic GABA4RS, it may be proposed that GC axonal GABARs contributed to the
paradoxical effects of EtOH on mossy fiber-evoked excitatory input to PCs. However, my data
does not support this contention. In Chapter 2, | demonstrated that a6, 5-subunit containing
GABAaRs were uniquely susceptible to direct postsynaptic EtOH action. Using
immunohistochemistry, | confirmed receptor expression solely within the GC layer of the
cerebellar cortex, suggesting that if a subset of these axonal GABARs is comprised of a6 and
d-subunits, then their expression is limited to the ascending axon within the GC layer. The
spatial distribution of these axonal receptors is relevant because activation of rat axonal
GABA,Rs can cause antidromic spread of depolarization back towards the soma (Pugh & Jahr,
2011). Thus, if these axonal GABA,Rs were present on the ascending axon, then their
activation would have been detected in the voltage-clamp experiments described in Chapter 2,
which represent the net effect of axonal and somatic GABA,R-mediated currents. In these
experiments, | detected similar magnitude responses to THIP and furosemide between strains,
suggesting similar activation, or suppression, of GABAARS containing a6 and 3-subunits.
Similarly, the effect of EtOH on GC tonic GABAR inhibition represents the net consequences of
EtOH actions on both axonal and somatic GABAARS. The reduction in PC sEPSP and sEPSC
frequency by 9mM EtOH in D2 mice and lack of effect in B6 mice is consistent with EtOH
enhancement and suppression, respectively, of GC tonic GABAAR inhibition detected at the
soma. Thus, the net effects of EtOH on GABAAR currents detected at the soma were preserved
in GC output to PCs. It would then be unexpected that simulating mossy fibers would, through
some unknown mechanism, differentially affect B6 and D2 mouse axonal receptors in a

paradoxical manner to that predicted by the previous assessments in Chapter 2.
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Nonetheless, identifying and characterizing the role of GC axonal GABAxRs in EtOH’s
actions would add important specificity to the description of EtOH's impacts on cerebellar
GABAR inhibition described in this dissertation. It would first be important to identify the subunit
composition of these axonal GABAARS and their distribution along the ascending GC axon and
parallel fibers using immunohistochemistry with confocal microscopy. Next, if these axonal
receptors are expressed on the parallel fiber (as suggested by Pugh & Jahr, 2011), putative
EtOH action on these axonal receptors could be assessed by measuring the amplitude of the
parallel fiber evoked PC eEPSP following molecular layer pressure-injection administration of
9mM EtOH, a concentration that does not increase spontaneous molecular layer neuron activity,
in the absence of afferent glutamatergic input, but was shown to directly inhibit a6, 5-subunit

containing GABAARs (Chapter 2; Kaplan et al., 2013).

4.4.2. Non-GABAR targets may have contributed to the effects of high EtOH concentrations
My initial hypothesis was that opposite actions of EtOH on GC tonic GABAAR inhibition,
detected at 9mM, 31mM, and 52mM EtOH in GCs from B6 and D2 mice (Chapter 2; Kaplan et
al., 2013) would similarly contribute to opposite effects on excitatory input to PCs. However,
GABAzine failed to block the reduction in PC sEPSP frequency by 31mM EtOH in B6 and D2
mice, and the opposite effects of EtOH on PC eEPSP amplitudes disappeared at 31mM and
52mM EtOH. Together, these findings expose contributions from EtOH’s actions on non-
GABAR targets known to be sensitive to higher concentrations of EtOH (Fig. 7). Importantly,
these actions, many of which are discussed below, were only detected at EtOH concentrations
at which both mouse strains show significant cerebellar impairment (Gallaher et al., 1996) and
rarely obtain through voluntary EtOH consumption (for example, see Chapter 5). Therefore, it is
consistent that strain differences in EtOH’s effects on cerebellar processing disappear at EtOH

concentrations at which behavioral differences are also absent.
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4.4.2a. GABAgR contribution

There is modest evidence that GABAgRs are directly activated by EtOH (Lewohl et al.,
1999), but they have nonetheless been proposed to play an important role in modulating EtOH'’s
effect on cerebellar processing dependent behaviors (Wiener & Valenzuela, 2006). GABAgRS
are a distinct class of Gi/Go-coupled receptors that are expressed in the GC layer and highly
expressed on PCs in the molecular layer (Bowery, et al., 1987). In the glomerulus, GABAgRSs
are expressed presynaptically on both Golgi cell (Kulik et al., 2002; Mapelli et al., 2009) and
mossy fiber terminals (Mitchell & Silver, 2000; Thomsen et al., 2010), and postsynaptically on
GC dendrites (Rossi et al., 2006). These respective receptors reduce GABA release from Golgi
cell terminals, reduce glutamate release from mossy fiber terminals by attenuating presynaptic
calcium signaling (Thomsen et al., 2010), and inhibit GCs by activating inwardly rectifying
potassium channels (Lewohl et al., 1999). Since I've demonstrated that EtOH does not reduce
GABAergic transmission to GCs, and GABAzine blocked EtOH’s effect on the holding current
(Chapter 2; Kaplan et al., 2013), EtOH’s impact on GABAgR signaling in the glomerulus is likely
limited to reducing glutamate release from mossy fibers. Thus, moderate-high EtOH
concentrations may be attenuating PC eEPSP amplitude by reducing glutamate release from

mossy fiber terminals. To test the contribution that presynaptic GABAgRS expressed on mossy
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fiber terminals play in the broad dampening of excitatory input to PCs by 31mM and 52mM
EtOH, the same protocol described in this chapter could be implemented in transgenic mice with
viral knockdown of GABAgRS in mossy fibers. If 31mM and 52mM EtOH had a reduced impact
on PC eEPSP amplitude after viral knockdown of GABAgRS, it would suggest that mossy fiber
GABAgRs contributed to the reduction in mossy fiber-evoked excitatory input to PCs by
moderate to high EtOH concentrations in wild type animals.

PCs also express GABAgRS, which have an inhibitory effect and are important for
inducing cerebellar long-term depression (LTD) of glutamatergic input from parallel fibers
(Kamikubo et al., 2007). Ambient GABA that spills over from synaptic terminals of neighboring
molecular layer interneurons activates these GABAgRs. From this, one speculative explanation
for the general reduction in evoked PC EPSP amplitude by 31mM and 52mM EtOH in both B6
and D2 mice is that enhanced stellate and basket cell activity, inferred from an increased PC
SIPSC frequency, elevates ambient GABA concentrations and activates GABAgRs. This would
likely reduce EPSP amplitude by hyperpolarizing the membrane and reducing the input
resistance of the PC, thereby tempering the impact of glutamatergic input. To test if elevated
GABAgR activation by moderate-high EtOH concentrations is responsible for the general
dampening of PC eEPSP amplitudes, the effect of EtOH could be measured in the presence of
a GABAgR antagonist, CGP35348. A CGP35348 block of the EtOH (31mM and 52mM)-induced
reduction in PC eEPSP amplitude would support a strong role for EtOH’s effects on molecular
layer interneurons and activation of PC GABAgRs in EtOH-induced dampening of glutamatergic
input to PCs.

Intriguingly, EtOH only reduces PC AP frequency in a minority of cells (Lin et al., 1991),
if at all (Mamelli et al., 2008), but GABAgRs may be important regulators of this sensitivity (Lin et
al., 1991). In support of a GABAgR role in PC sensitivity to EtOH, the proportion of EtOH-
sensitive PCs is reduced by CGP35348, and enhanced by the GABAgR agonist, baclofen (Yang
et al., 2000). These findings suggest that GABAgR expression varies across PCs and is
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important for EtOH dampening of PC excitability. Whether PC GABAgR expression differs
between B6 and D2 mice is unknown. Although it's recognized that relative GABAgR subunit
compositions could differ between strains, the overall GABAgR contribution could be determined
electrophysiologically by recording from PCs in the presence of TTX and measuring baclofen
current amplitudes. In these experiments, two important aspects would need to be considered.
The first is the proportion of PCs that show responses to baclofen, and the second is the
baclofen current amplitudes in the cells that do respond. Strain differences in either factor could
explain the observation that, despite opposite effects of 31mM and 52mM EtOH on GC tonic
GABAAR inhibition, they similarly reduced mossy fiber-evoked PC eEPSP amplitudes. If
enhanced GABAgR activation is indeed responsible for the general dampening of excitatory
input to PCs, then perhaps greater GABAgR expression in B6 mice explains why 31mM and
52mM EtOH reduced PC eEPSP amplitude, while enhanced GABAR inhibition of D2 GCs

underlies their reduction PC eEPSP amplitude.

4.4.2b. mGluRs

Metabotropic glutamate receptors (mGIuRs) are found pre- and postsynaptically in the
cerebellar cortex and can be inhibited by as low as 10mM EtOH (Carta et al., 2006), depending
on the subtype (Netzeband & Gruol, 1995; Minami et al., 1998). Glutamate released from
parallel fiber terminals activate mGIluRs on Golgi cell dendrites and hyperpolarize the cell by
enhancing an inwardly rectifying potassium current. Only 10% of Golgi cells are immunoreactive
for the mGIuR5 subtype in the rat cerebellum, while the remaining 90% of Golgi cells express
the mGIuR2 subtype (Neki et al., 1996). These subtypes are not directly sensitive to low
concentrations of EtOH (Botta et al., 2004; Netzeband & Gruol, 1995; Minami et al., 1998), but
could be affected by the higher 31mM and 52mM EtOH concentrations tested here in mice.
Furthermore, EtOH suppression of Golgi cell dendritic mGluRs may have contributed to the
sustained elevation of Golgi cell firing rates in regions expressing nNOS (Chapter 2; Botta et al.,
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2004; Kaplan et al., 2013), and the consequential enhancement of GABAergic transmission to
GCs, and general dampening of excitatory input to PCs.

In the cerebellum, the effect of MGIUR2 activation has been more thoroughly
characterized than activating mGIuR5. Activation of mGIUR2 receptors hyperpolarize the Golgi
cell (Watanabe & Nakanishi, 2003) and play an important role in a transient suppression of
Golgi cell activity from a high frequency train of GC glutamatergic input (Botta et al., 2004). In
SDRs, this transient suppression of Golgi cell activity is reversed by 40mM EtOH, but not due to
direct EtOH action on mGIluR2s. Instead, high EtOH concentrations prevent the transient
reduction in Golgi cell activity from high frequency glutamatergic input via a downstream
mechanism. Thus, indirect effects of EtOH on mGIuR2s expressed postsynaptically on Golgi
cell dendrites lead to a net enhancement of GABAergic transmission to GCs via negative
feedback from Golgi cells. Importantly, Botta et al. (2004) emphasized that higher EtOH
concentrations, or genotypic variation, could render mGIuR2s more sensitive to direct inhibition
by EtOH. To test if mGIuR2s have higher sensitivity to direct inhibition by low EtOH
concentrations in mice, parallel fiber-evoked mGIuR2 currents could be recorded in Golgi cells
in the presence of AMPA/NMDA receptor antagonists (e.g. NBQX and APV). Reduced mGIuR2
currents by EtOH would be interpreted as direct inhibition of the receptors that was blocked by
the mGIuR2 antagonist LY341495. In this Chapter, both 31mM and 52mM EtOH reduced mossy
fiber-evoked PC eEPSP amplitude in B6 and D2 mice, despite opposite effects on GC tonic
GABAR inhibition (Chapter 2; Kaplan et al., 2013). To assess if this EtOH-induced dampening
of excitatory transmission to PCs involves mGIuR2s, the effect of EtOH could be tested in the
presence of the mGluR2 antagonist, LY341495 (Botta et al., 2014). If the mGIluR2 antagonist
attenuated the EtOH-induced reduction in PC eEPSP amplitude, it would be interpreted that
EtOH inhibition of mGIuR2s contributes to the general dampening of mossy fiber-stimulated

glutatmatergic input to PCs by moderate-high concentrations of EtOH.
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Glutamatergic activation of mGIuR2/3s on Golgi cell axon terminals (Ohishi et al., 1994)
reduces GABA release during elevated mossy fiber activity (Mitchell & Silver, 2000).
Spontaneous locomotor activity is more strongly suppressed by the mGIluR2/3 agonist,
LY379268, in EtOH-dependent rats than controls (Kufahl et al, 2011), but it remains unclear if
cerebellar mGIluR2/3s contribute to this effect and whether it's due to direct EtOH action on
MGIuR2/3s. To test the influence of EtOH on mGIluR2/3-coupled signaling at presynaptic Golgi
cell terminals, the effect of EtOH on GC sIPSCs could be measured following mossy fiber
stimulation in the presence of AMPA/NMDA receptor antagonists, NBQX and APV, the GABAgR
antagonist, CGP35348, and the NOS inhibitor L-NA. This cocktail of antagonists should
eliminate any circuit and non-mGIuR influences on Golgi cell activity. Any EtOH-induced change
in GC sIPSC frequency or amplitude would be interpreted as EtOH action on presynaptic
MGIuR2/3 signaling. Enhanced GABA release from Golgi cell terminals resulting from direct
presynaptic mGluR2/3 inhibition by 31mM and 52mM EtOH could partially explain the reduction
in mossy fiber-evoked PC eEPSP amplitude in both B6 and D2 mice.

The mGIuR1 subtype is expressed on both PC and GC dendrites (Carta et al., 2006;
Masgrau et al., 2001). EtOH concentrations as low as 10mM reduce the mGIuR1 component of
the complex spike from climbing fiber input to PCs (Carta et al., 2006). However, 50mM, and not
17mM EtOH, blocked mGIluR1-dependent LTD at the parallel fiber-PC synapse (Su et al, 2010),
suggesting that EtOH sensitivity of mGIuR1s may differ between synapses and also potentially
across species. This EtOH inhibition of mGIuR1 signaling may enhance glutamatergic
transmission at the parallel fiber-PC synapse by blocking LTD formation. However, the
stimulation protocol used in the current study was not an LTD-inducing protocol, and therefore,

31mM and 52mM EtOH did not likely affect long-term plasticity at the parallel fiber-PC synapse.

4.4.2c. NMDA receptors and calcium signaling
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EtOH directly inhibits NMDA receptors throughout the brain (Kumari & Ticku, 2000). In
cultured cerebellar GCs, NMDA receptors are inhibited by EtOH concentrations as low as 10mM
in part due to reversible cytoskeletal rearrangement that impaired NMDA receptor function
(Popp & Dertien, 2008). However, since GABAzine occluded the effect of 9mM EtOH on
spontaneous glutmatergic input to PCs, it's unlikely that NMDARSs played a role in EtOH’s
actions at this low concentration. Instead, inhibition of NMDA receptors expressed on GCs may
be contributing to the reduction in mossy fiber-evoked PC eEPSP amplitudes by 31mM and
52mM EtOH in B6 and D2 mice. To empirically confirm that EtOH inhibition of GC NMDA
receptors, independent of mGluR1s (EtOH inhibition of mGIluR1s may also reduce NMDA
currents [He et al., 2013; Skeberdis et al., 2001]), contributed to attenuated PC eEPSP
amplitudes, the experiments could be repeated with sequentially added antagonists, starting
with an mGIuR1 antagonist, followed by the NMDA antagonist, APV. The effect of EtOH (31mM
and 52mM) in the presence of each of the antagonists would be informative of the relative
contributions that EtOH has on NMDA currents inhibited through G-protein coupled mGIluR1s
versus direct inhibition of NMDA receptors. The total NMDA contribution to an EtOH reduction in
PC eEPSP amplitude could be determined by the difference between the EtOH reduction in PC
eEPSP amplitude in the presence and absence of APV alone. Subsequently, the NMDA
components can be compared between strains to assess if there are strain differences between
B6 and D2 mice that could contribute to variation in their behavioral phenotypes.

In addition to EtOH suppression of calcium signaling by blocking NMDA channels, EtOH
reduces calcium signaling by inhibiting voltage-gated calcium channels. Q-type calcium
channels, expressed by cerebellar GCs (Walter & Messing, 1999), can be inhibited by EtOH at
concentrations as low as 10mM in culture (Solem et al., 1997). The consequence of EtOH
inhibition of voltage-gated calcium channels on GCs is not fully understood, but it could
contribute to the general reduction in mossy fiber-evoked glutamate release from parallel fiber
terminals by 31mM and 52mM EtOH in both B6 and D2 mice.
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4.4.2d. Adenosine

Adenosine signaling in the cerebellar molecular layer has been proposed to be a target
through which EtOH induces cerebellar impairment (Dar, 2000; Dar, 2006; Dar, 2015;
Dunwiddie & Masino, 2001; Ruby et al., 2010). Adenosine receptors are expressed
postsynaptically on PC and basket cell dendrites (Kocsis et al., 1984; Wall & Dale, 2007), and
presynaptically on parallel fiber terminals (Rivkees et al., 1995; Wall & Dale, 2007). Adenosine
receptors are coupled to Gi/G, proteins and have an inhibitory effect by decreasing adenylyl
cyclase and activating inwardly rectifying or ATP-sensitive potassium channels (Ebersolt et al.,
1983; Heurteaux et al., 1995; Takigawa et al., 2002). Parallel fibers are the primary source of
adenosine in the cerebellar cortex, which activate adenosine Al receptors on PCs and basket
cells (Kocsis et al., 1984; Wall & Dale, 2007) and exert feedback inhibition by activating
adenosine Al receptors on their own terminals to reduce glutamate release (Rivkees et al.,
1995; Wall & Dale, 2007). EtOH, at concentrations as low as 5mM, enhances extracellular
adenosine levels by inhibiting adenosine transporters (Ramadan et al., 2014), which in turn,
contributes to cerebellar ataxia (Dar, 2015). Furthermore, EtOH block of adenosine transport
accentuates the duration of inhibition at the parallel fiber-PC synapse by reducing glutamate
release from the parallel fiber. Thus, increased adenosine signaling is an additional mechanism
that may become engaged at moderate-high EtOH concentrations (31mM and 52mM), leading
to dampened glutamatergic input to PCs and overriding the effect that differential EtOH action
on GC tonic GABA4R inhibition has on mossy fiber-evoked PC eEPSPs. To assess how EtOH'’s
effects on mossy fiber-evoked transmission to PCs are influenced by adenosine Al receptor-
mediated feedback inhibition on glutamate release from parallel fiber terminals, the effect of an
adenosine Al receptor antagonist can be tested on mossy fiber-evoked eESPCs in PCs
voltage-clamped to the chloride reversal potential to eliminate molecular layer interneuron input
on the holding current. If EtOH-enhancement of adenosine levels were indeed contributing to
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the reduction in PC eEPSP amplitudes at 31mM and 52mM EtOH, then | would predict that the
adenosine Al receptor antagonist would reverse the EtOH-induced reduction in PC eEPSP
amplitude.

Adensoine-induced reduction in GABA release from molecular layer interneurons may
also contribute to ataxia (Dar, 2006). The high expression of adenosine Al receptors on basket
cells may be an influential target by which adenosine signaling contributes to cerebellar ataxia
by reducing feedforward inhibition of PCs. However, previous studies (Hirono et al., 2009;
Mameli et al., 2008; Wadleigh & Valenzuela, 2012) and the data presented here don'’t support
this prediction. Instead, there’s wide consensus that EtOH increases GABAergic transmission to
PCs from molecular layer interneurons. However, activity-dependent enhancement in adenosine
could lead to zones of reduced GABAergic transmission to PCs that’s consistent with the spatial
and temporal resolution of the parallel fiber activity profile (Wall et al., 2007). This is one such
example in which non-GABAsR EtOH targets may interact with spatial factors to help explain
the paradoxical reduction in GC spontaneous activity in D2 mice by 9mM EtOH, but
enhancement of mossy fiber-evoked PC eEPSP amplitude. For instance, mossy fiber
stimulation may have activated a population of GCs that contributed to a large degree of
feedforward lateral inhibition of PCs under control conditions, but EtOH enhancement of
adenosine Al receptor activation (by increasing extracellular adenosine levels) could reduce
GABA transmission to PCs, thereby enhancing mossy fiber-evoked PC eEPSP amplitude in
some cases. Thus, experimental variation in the number of basket cells innervated by parallel
fibers from activated GCs could contribute to variation across recordings. Furthermore, potential
genotypic variation in adenosine Al receptors could contribute to the differential effects of 9mM
EtOH on mossy fiber evoked transmission to PCs. To test for genetic differences in adenosine
signaling, parallel fiber stimulated glutamatergic input to PCs and molecular layer interneurons
could be measured following adenosine transport block, and separately, with adenosine Al
receptor antagonists.
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4.4.3. Molecular layer interneurons are not a source of differential 9mM EtOH responses

Here, | demonstrated that 9mM EtOH had no effect on the frequency of PC sIPSCs in
the presence of kynurenic acid. These data suggest that GABAergic transmission from stellate
and basket cells to PCs do not play a role in the behavioral differences detected at a low 9mM
EtOH concentration at which D2 mice, but not B6 mice, show significant cerebellar ataxia
(Gallaher et al., 1996). Instead, enhancement in PC sIPSC frequency by 31mM and 52mM
EtOH was detected in D2 mice, but not B6 mice. Therefore, molecular layer interneurons may
only contribute to behavioral intoxication seen at higher EtOH concentrations in D2 mice.
Furthermore, the modest enhancement in sIPSC frequency by 31mM EtOH in D2 but not B6
mice is consistent with the relative insensitivity to EtOH modulation reported previously in SDRs
(Hirono et al., 2009; Mameli et al., 2008). Since 31mM EtOH is the threshold at which B6 mice
show significant cerebellar ataxia (Gallaher et al., 1996), it's unlikely that EtOH'’s actions on
molecular layer interneurons contribute to this impairment, suggesting that they don’t play a
large role in behavioral phenotypes impacted by voluntarily consumed EtOH. However, it's
interesting that 52mM EtOH enhanced PC sIPSC frequency to a much greater extent in D2
mice than B6 mice. The reason for this large enhancement in D2s but not B6s is unknown. One
possibility is that, since EtOH-enhancement in PC sIPSC frequency is dependent on
intracellular calcium stores, and not extracellular calcium concentration, there may be
differences in intracellular calcium signaling between strains (Kelm et al, 2007). The behavioral
relevance of this effect, though, is low, since D2 mice don’t voluntarily reach such high BECs
(i.e., 52mM EtOH is equivalent to a BEC of 245 mg/dl), and B6 mice do so only rarely (Finn et
al., 2005; Finn et al., 2007; Chapter 5). Together these findings provide support that differential

effects of EtOH on GABAR inhibition of GCs more strongly contribute to the GABAAR sources
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of genetic variation in EtOH-related behavioral phenotypes compared to GABAAR inhibition of

PCs.

4.4.4. General conclusions

These data provide important insight into the consequence of a range of EtOH
concentrations on excitatory and inhibitory transmission to PCs, and support the hypothesis that
GABAR inhibition of GCs is an influential target by which low EtOH concentrations may disrupt
cerebellar processing. However, general inconsistency in responses to the various drugs tested,
including EtOH, emphasizes the complexity of the circuitry’s feedback and feed-forward
mechanisms. Furthermore, the results expose a host of speculated, but unconfirmed non-
GABAR cerebellar EtOH targets that contribute to intoxication. Understanding the particular
contributions of various EtOH targets in behavioral intoxication is an important area of future

investigation.
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Chapter 5: Microinjection of THIP into the cerebellar cortex reduces EtOH consumption

in C57BL/6J mice

This chapter has been reformatted for inclusion in this dissertation from:

Kaplan, J.S., Nipper, M., Jensen, J., Rossi, D.J., & Finn, D.A. (in preparation). Microinjection of
THIP into the cerebellar cortex reduces EtOH consumption in C57BL/6J mice.
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5.1. Introduction

Chapters 2 and 3 described a novel EtOH-induced suppression of GC tonic GABAAR
inhibition in high-EtOH consuming mammalian genotypes. Chapter 4 demonstrated that this
EtOH-induced suppression of GC tonic GABAAR inhibition differentially regulates spontaneous
and evoked excitatory transmission through the cerebellar cortex compared to EtOH
enhancement in GC tonic GABA.R inhibition. However, it's unknown if EtOH suppression of GC
tonic GABAR inhibition contributes to an elevated EtOH consumption phenotype. Identifying a
cerebellar GABAAR contribution to EtOH intake would reveal a new frontier for developing AUD
treatments.

The GABA system has long been recognized as a promising pharmacological target to
combat AUDs. Systemic administration of THIP, which is a selective agonist for &-subunit
containing GABAxRS, strongly reduces EtOH intake in mice (Moore et al., 2007; Ramaker et al.,
2011, 2012). However, the target brain regions that mediate this effect have not been fully
established. Ramaker et al. (2014b) demonstrated that microinfusion of THIP into the nucleus
accumbens shell attenuates EtOH consumption, while infusion into the infralimbic cortex
enhances EtOH intake (Fritz & Boehm, 2014). Whether THIP’s action within the cerebellum
contributes to the large reduction in EtOH consumption from systemic administration is
unknown.

The B6 mouse is a useful model to investigate the cerebellar contribution to EtOH intake
due to their well-characterized high-EtOH consumption phenotype (Yoneyama et al., 2008) and
propensity to achieve BEC levels above binge criteria (.8mg/ml or 17mM) during a two-hour
limited EtOH access procedure (e.g., Ramaker et al., 2012; Ramaker et al., 2014b; Rhodes et
el., 2005). Additionally, their relative insensitivity to EtOH-induced cerebellar ataxia (Gallaher et
al., 1996) makes them a valid model of the cerebellar LLR phenotype. It's unclear how the
cerebellar LLR phenotype modulates EtOH drinking behavior. Despite its association with
increased heritable risk for developing an AUD (Schuckit, 1985; Schuckit, 1994), it's unknown
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whether the cerebellar LLR phenotype directly enhances EtOH consumption or if it's merely a
parallel phenotype with an negligeable impact on drinking behavior.

The experiments described in Chapters 2-4 propose that EtOH suppression of GC tonic
GABAR inhibition is a neural substrate of the cerebellar LLR phenotype. If suppression of GC
tonic GABAR inhibition were indeed contributing to the high EtOH consumption component of
the LLR phenotype, then reversing it (i.e., enhancing tonic GABA4R inhibition) would be
predicted to reduce EtOH intake. To investigate the contribution of GC tonic GABAAR inhibition
on EtOH consumption, | measured the effect of cerebellar-specific THIP infusion on 10% EtOH
consumption during a 2-hour limited access drinking paradigm. Consistent with the predictions

made by the cerebellar LLR phenotype, | predicted that THIP would reduce EtOH intake.

5.2. Methods

5.2.1 Animals

Male B6 mice, approximately 9 weeks of age at the beginning of experiments, were
purchased from Jackson Laboratory-West (Sacramento, CA). Mice were maintained on a 12-h
reverse light-dark cycle (lights off at 0700), and all experiments were conducted during the dark
cycle. Throughout the EtOH drinking study, mice were individually housed. Surgical and
behavioral procedures were designed to minimize animal suffering and to reduce the number of
mice used and in accordance with NIH guidelines. All procedures were approved by the
Institutional Animal Care and Use Committee at the Portland VA Healthcare System.
5.2.2. Drugs

EtOH (200 proof; Pharmco Products, Brookfield, CT) was diluted in tap water to yield a
10% (v/v) EtOH solution. THIP (4,5,6,7-tetrahydroisoxazolo-[5,4-c]pyridine-3-ol hydrochloride)

was purchased from Tocris Bioscience (Ellisville, MO) and dissolved in aCSF comprised of:
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124mM NacCl, 26mM NaHCOs;, 1mM NaH,P0Q,, 2.5mM CacCl,, 2mM MgCl,, 10mM glucose,
2.5mM KCI.
5.2.3. Surgery

Mice were maintained under isoflurane anesthesia and implanted with a unilateral guide
cannula (26Ga, stainless steel, 12.0 mm long) aimed at lobes IV/V of the cerebellar cortex [A/P:
-7.2, LIM: £0.1, D/V: -0.8 mm (-1.8 mm with injectors)]. Mice were administered a single I.P.
injection of ketoprofen (3mg/kg; Abbott Laboratories, North Chicago, IL) for post-operative
analgesia. They were given a minimum of one week to recover before testing.

5.2.4. General drinking experiments

Both Experiments 1 and 2 were performed in the dark phase of the light/dark cycle to
measure high levels of EtOH consumption (Rhodes et al., 2005). Beginning 3 hours into the
dark cycle, mice had 2-hour access to a 25ml bottle containing a 10% EtOH solution and one
25ml bottle containing tap water; bottle positions were counterbalanced between the left and
right side across subjects. At the conclusion of the 2-hour period, water and EtOH consumption
was measured to the nearest 0.2 ml and bottles were replaced with two 25 ml bottles containing
tap water. Before drug infusions, mice were given mock-infusions where the injector was
lowered through the cannula but no fluid was administered. Subsequent drug infusions were
given five minutes prior to the EtOH access session in 200n! of solution delivered over one
minute, with an additional 30 seconds allowed for diffusion. Infusions were spaced a minimum
of three days apart to ensure that EtOH intake had returned to baseline for at least two days
before subsequent infusions.

Experiment 1.

The purpose of Experiment 1 was to test whether microinjection of THIP into the
cerebellar cortex impacted EtOH intake without reducing general consummatory behavior. Mice
were given EtOH access 5 days/week (M-F) for 15 days prior to surgery. Following surgery,
their drinking behavior stabilized (defined as <10% variation for three days) by the 7" day of
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EtOH access. Mice were administered an infusion of vehicle first followed by an infusion of THIP
(500ng) three days later. Orbital blood samples were collected immediately following the 2-hour
EtOH access period on the infusion days. After the THIP infusion and EtOH intake returned to
baseline levels, mice were only given access to water during the 2-hour drinking session. After 5
days, their water intake had stabilized and they were again administered vehicle and then, three

days later, THIP (500ng).

Experiment 2:

The purpose of Experiment 2 was to replicate THIP’s effect on EtOH intake and to
determine its dose-response properties. For this study, mice underwent surgery prior to
receiving EtOH access, and EtOH intake was measured 7-days/week. Following drinking
stabilization, mice received infusions of drug in the following order: Vehicle, 500ng THIP, 50ng
THIP, 100ng THIP, 250ng THIP, and vehicle. Pre- and post-vehicle infusions were used to
determine whether mechanical or psychological stress of the infusions altered EtOH intake
differently after multiple infusions.

5.2.5. BECs

Immediately following the 2-hour EtOH access sessions on the vehicle and THIP
infusion days in Experiment 1, blood samples (20pl) were collected from the orbital sinus in all
subjects and analyzed using headspace gas chromatography, as described previously (Finn et
al., 2007). Concentrations of samples were interpolated from a standard curve with six pairs of
external standards with known EtOH concentrations (from 0.5 to 3.0mg/ml).

5.2.6. Histological confirmation

At the conclusion of studies, mice were euthanized and infused with 20 mg/ml methylene
blue dye in aCSF. Intact whole brains were removed and flash frozen in isopentane and stored
at -80°C. Brains were sliced (35 um sections) using a Leica cryostat, mounted on glass slides,

and photographed with an IM50 imaging system (Leica Microsystems Imaging Solutions Ltd,
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Buffalo Grove, IL). The morphology of the cerebellar cortex facilitated diffusion of drug into lobe
VI in some animals. Because the overall aim of these experiments was to assess the impact of
intra-cerebellar THIP on EtOH intake, and since there was no statistically significant difference
between the subjects’ drinking behavior where THIP diffused to lobe VI (P < .05), data from
these subjects were included in the analysis.
5.2.7. Statistical analysis

All data are expressed as mean = S.E.M. Repeated measures ANOVA was used to
detect significant main effects, and paired t tests were used for comparisons between drug and
vehicle when appropriate. Correlations between BEC and EtOH intake were assessed using a
Pearson Correlation. In all cases, statistical comparisons were two-tailed and the significance
threshold was set at P < 0.05. No statistical methods were used to pre-determine sample sizes,
but sample sizes are similar to those recently reported following bilateral microinjection of THIP

into the nucleus accumbens shell in B6 mice (Ramaker et al., 2014b).

5.3. Results
5.3.1a. Experiment 1: THIP microinfusion into the cerebellar cortex reduces EtOH intake

After completing experiments, cannulae placements into lobe 1V/V/VI of the cerebellar
cortex were correctly confirmed by histological and methylene blue confirmation (14mM diluted
in aCSF) in 17 out of the original 23 animals (Fig. 1). Only data from subjects with confirmed
placements were included in the analysis.

EtOH intake stabilized within three weeks from cannulation surgery (mean EtOH
consumption = 2.78 + .12g/kg, n = 17; data not shown). Following the stabilization period,
subjects were microinfused with vehicle (aCSF) five minutes prior to their 2-hour EtOH access.
Vehicle infusion did not affect EtOH intake (consumption = 2.62 + .22, n =17, P > .05, paired t-
test, Fig 2). Analysis of orbital blood samples collected immediately following EtOH access
revealed a significant positive correlation between EtOH intake and BEC (r = .75, P <.001,
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Pearson correlation). This suggests that the high
EtOH volumes consumed correspond to
elevated BEC levels. However, since the high
rate of EtOH metabolism in mice eliminated
much of the EtOH consumed during the front-
end of the EtOH-access period, the detected
BECs (Mean BEC: .64 £ .08mg/ml, n = 17; Fig.
2) are likely an underestimate of the peak BECs
To assess if tonic GABA,R-mediated
inhibition of cerebellar GCs can modify EtOH
intake, | microinjected the 8- subunit selective
GABAR agonist, THIP (500ng), and measured
EtOH consumption during the 2-hour access
session. Consistent with our hypothesis, THIP
attenuated EtOH consumption compared to
vehicle by 26% (t(16) = 2.47, P = .025, paired t
test; n =17; Fig 2) and reduced BEC levels by
34% (t(16) = 2.66, P = .02, paired t test;, n = 17).
The correlation between EtOH intake and BEC
levels remained significantly positively correlated in
the presence of THIP, suggesting that THIP did not

alter EtOH metabolism (r = .54, P = .02, n = 17,

Tl

Figure 1. Cannula placement assessment. A. A
representative sagital cerebellar section showing
cannula placement in lobe IV/V of the cerebellar
cortex. Following experiments, methylene blue
(blue dye) was injected in the cannula for
assessment of cannula placement. B. Sagittal
reference image of the mouse cerebellum (0.225
lateral) taken from the Allen Brain Atlas. Injection
sites are shown in blue triangles.

Pearson correlation, Fig 2A). The correlation between EtOH intake and BEC on the combined

data also was significant (r =.71, P <.001, n = 34, Pearson correlation). THIP had no effect on

the preference ratio (Supplementary Table 1), which reflected consistently low water volumes

consumed during the EtOH access period. Together, these data suggest that enhancing
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GABAergic inhibition of cerebellar GCs following a unilateral microinjection of THIP into layers

IVIVIVI of the cerebellar cortex can reduce EtOH intake.

5.3.1b. Experiment 1: THIP does
not affect water consumption
One possible explanation
for the THIP-induced reduction in
EtOH consumption is that it
strongly impairs motor behavior
thereby inhibiting the ability to
consume EtOH. Another
explanation is that THIP
attenuates general consummatory
behavior. To address these two
explanations, mice were switched
to consumption of water only for
five days, and water consumption
was measured during this two-
hour period. When two water
bottles were present, water
consumption increased
significantly, when compared to
when EtOH was present in one
bottle (water intake when given

choice with EtOH: 0.07 + .03m|;
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Figure 2. THIP reduces EtOH intake and BEC levels. A. A
scatterplot showing that EtOH consumption during the 2-hour
access period (g/kg) was strongly positively correlated with
BEC levels after vehicle injection (black circles; r =.75; P <
.001, n = 17), in the presence of THIP (500ng; green triangles,
r=.54; P =.02, n=17), and when combined (r =.71; P <
.001, n =34). Binge criteria (.8mg/ml or 17mM) and 9mM EtOH
(for reference with in vitro experiments described in Chapters
2 and 4) are indicated with red dotted lines. B. Summary bar
chart depicting that unilateral microinjection of THIP (500ng)
into the cerebellar cortex attenuated EtOH intake (g/kg) and
BEC levels (mg/ml). * indicate significant reductions by THIP
compared to vehicle (all P < .05).

water intake without EtOH option: 0.65 + .06ml, t(16) = 8.71, P < .001, n = 17). Microinfusion of
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THIP (500ng) failed to alter water consumption, compared to vehicle infusion, during the two-
hour period (P = .80, n = 17; THIP: 0.67 = .08ml; Fig 3). These findings provide indirect
evidence that cerebellar THIP infusion reduced EtOH consumption independent of its impact on

motor function or general consummatory behavior.
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5.3.2a. Experiment 2: THIP dose-dependently reduces EtOH intake

The purpose of Experiment 2 was to replicate the effects of 500ng THIP and to reveal
the threshold THIP concentration that reduced EtOH intake. Experiment 2 was similar to
Experiment 1 except that animals had 7 days/week access to EtOH (instead of just 5
days/week) and included a THIP dose-response curve (vehicle, 50ng, 100ng, 250ng, and
500ng). Unfortunately, the longer experimental protocol was associated with an increased
number of clogged cannulae or loose head mounts. Consequently, cannula placements were
only confirmed in 12 out of 24 animals. Resulting from the coinciding reduction in statistical
power, a repeated measures ANOVA only found a strong trend for a main effect of dose
(F(4,11) = 2.49, P = .057; Fig 4). However, based on our a priori prediction that THIP would
decrease EtOH intake and the results of Experiment 1, planned comparisons were conducted
where each individual THIP dose was treated as an independent planned contrast against
vehicle. Using planned contrasts, both the 250ng (n = 13) and 500ng THIP (n = 13) doses

significantly reduced EtOH intake compared to vehicle (all P < .05; vehicle: 2.28 + .14g/kg;
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250ng THIP: 423%; 500ng THIP: 26%),
while 100ng THIP differed from vehicle at
trend levels (P = .077, n = 14; 100ng THIP:
415%) and 50ng THIP did not significantly
reduce EtOH consumption (P = .14, n = 14;
50ng THIP: {12%). At the conclusion of the
dose-response assessment, vehicle was
tested for a second time on EtOH
consumption. EtOH intake from the second
vehicle infusion did not statistically differ
from the first vehicle infusion (1.95 +
.35g/kg, P > .05, n = 12), confirming that
the THIP-induced reduction in EtOH intake

was not a consequence of a general
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Figure 4. THIP dose-dependently attenuated EtOH
consumption. Summary plot showing the effect of unilateral
microinjection of vehicle (aCSF) and four THIP doses (ng)
on EtOH consumption (g/kg). * indicates that both 250ng
and 500ng THIP doses significantly reduced EtOH
consumption compared to vehicle (all P < .05) while 100ng
THIP reduced EtOH consumption at trend levels (#
indicates P =.08). 50ng THIP: n = 14; 100ng THIP: n =14;
250ng THIP: n = 13; 500ng THIP: n =13.

attenuation in EtOH intake over the course of the experiment. Together, these findings confirm

the conclusion from Experiment 1: enhancing GC GABAergic inhibition in only a small

proportion of cerebellar neurons produces a 26% reduction EtOH drinking behavior.

5.4. Discussion

This is the first study to directly demonstrate a reduction in EtOH intake by selective,

non-motor impairing, modulation of cerebellar processing. Specifically, the reduction in EtOH

consumption by THIP suggests that enhancing GABAergic inhibition of cerebellar GCs, in only a

small proportion of the cerebellar cortex, is sufficient to reduce EtOH intake. Furthermore, the

fact that THIP similarly reduced EtOH intake regardless of whether the mice had 5 day/week or

7 day/week EtOH access increases the relevance of these findings, since problem EtOH use is
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not always characterized by daily consumption (Knight et al., 2002). These findings are
consistent with my hypothesis that the EtOH-induced suppression of GC tonic GABAAR
inhibition contributes to the B6 mouse’s high EtOH consumption phenotype and provide strong
evidence for a cerebellar role in modifying EtOH drinking behavior independent of motor
impairment or sedation. Together with the comprehensive electrophysiology assessment of
EtOH'’s actions on GABA4R inhibition, these behavioral observations endorse the cerebellum as

a novel target for pharmacological treatment and prevention of AUDs.

5.4.1. A cerebellar GABAAR contribution to EtOH consumption

The cerebellum has been proposed to play a modifying role in reward-based learning
(Thoma et al., 2008) and drug addiction (Moulton et al., 2014), but has experimentally been
ignored as a brain region that could modify EtOH intake. Recent anatomical and functional
connectivity studies have identified cerebellar abnormalities in FH+ individuals with increased
risk for developing an AUD (Benegal, et al. 2007; Cservenka et al., 2014; Herting et al., 2011;
Hill et al., 2011). These abnormalities may also reflect differing sensitivity to acute EtOH
characterized by the heritable cerebellar LLR phenotype (Schuckit, 1985; Schuckit, 1994),
which also is associated with increased AUD risk. However, it is unclear how the cerebellar LLR
contributes to enhanced EtOH intake.

There are at least two non-exclusive possibilities by which the cerebellar LLR may
enhance EtOH consumption: 1) Impairment of cerebellar functioning (e.g. ataxia) is aversive
and therefore, acts as a “shut-off switch” for subsequent consumption; 2) cerebellar output can
modify reward processing, and the cerebellar LLR reflects a higher threshold before reward
detection becomes impaired. These two possibilities, although not exclusive, describe
distinguishable cerebellar contributions to EtOH drinking behavior. The first is dependent on the
manifestation of ataxia, a behavior that increases the difficulty to obtain EtOH and thereby
sufficiently increases the cost-benefit ratio to impede drinking, while the second is dependent on
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the animal’s ability to detect a range of reward magnitudes that can be modulated by cerebellar
output. The THIP reduction in EtOH intake without affecting water consumption argues in favor
of the second possibility: ataxia does not have to manifest in order for EtOH intake to cease.
Importantly, it suggests that the link between the behavioral cerebellar LLR and risk for
developing an AUD (Schuckit, 1985; Schuckit, 1994) may be the sensitivity to impaired
cerebellar functioning that, in turn, disrupts reward processing or executive function relating to
seeking and consuming a reward.

At this point, it remains unknown how disrupted cerebellar functioning influences reward
processing. However, the cerebellum may achieve this function in a similar manner by which it
shapes motor behavior, as a timing device that constructs and compares internal models of the
actual motor performance with the expected (Allen & Courchesne, 2003; Ito, 2005; Ito, 2008).
For motor control, feedback from the cerebellum to the motor cortices regarding the
discrepancy, or error, between internal models enables appropriate correction in movement. It's
been proposed that the cerebellum develops similar internal models for cognitive processing
(Ito, 2008). Cognitive processing, like motor control, requires the proper alignment and
execution of a series of time-dependent steps. The cerebellum provides a temporal metronome
for step integration (lvry et al., 1988) and develops a prediction of the appropriate cognitive
action that is compared against the actual cognitive integration (Ito, 2005). Breakdown in this
system may lead to cerebellar-dependent impairments in cognitive and executive function
described in patients with schizophrenia (Stephan et al., 2001), ADHD (Mackie et al., 2007;
Tavano et al., 2007), and autism (Riva & Giogi, 2000).

Functional imaging has revealed distinct cerebellar regions with strong functional
connectivity to specific prefrontal cortical regions (Krienen & Buckner, 2009), which in
conjunction with disynaptic connections to the ventral tegmental area (lkai et al., 1992; Ikai et
al., 1994), forebrain (Albert et al., 1985), and striatum (Albert et al., 1985; Delis et al., 2013),
could enable a cerebellar contribution in the processing and assessment of reward-related
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behaviors by similarly establishing and comparing internal models related to elements of
reward. One such feature for cerebellar modification is the motivation to behaviorally approach
reward-related stimuli, which is determined by an assessment of the reward conveyed to the
prefrontal cortex by the striatum (Ernst & Fudge, 2009). Electrical stimulation of the cerebellar
vermis causes a reduction in dopamine levels in the nucleus accumbens (Albert et al., 1985),
and thus, could influence reward processing at the level of the striatum, by influencing elements
of reward detection (e.g. salience), and the assessment by the prefrontal cortex, by failing to
provide the temporal and predictive elements for appropriate integration of cognitive steps in
decision making of reward seeking. This is intriguing in light of the inverse correlation between
stimulated dopamine release in the ventral striatum and EtOH preference within the B6 mouse
strain (Ramachandra et al., 2007), which, together with previous work, proposes that cerebellar
output could alter dopamine levels in the reward circuitry and influence EtOH preference.
Whether EtOH’s effect on GC tonic GABAAR inhibition varies across the range of EtOH
consumption levels within the B6 mouse strain, and if this suppression of GC tonic GABAAR

inhibition impacts dopamine levels in the ventral striatum should be areas of future investigation.

5.4.2. THIP reduced EtOH intake independent of motor effects

Systemic THIP injections reduce EtOH intake (Moore et al., 2007; Ramaker et al., 2011,
2012) partially through direct actions in the nucleus accumbens shell (Ramaker et al., 2014b).
Here, | demonstrate that THIP’s actions in the cerebellum similarly reduce EtOH consumption,
mimicking THIP’s effect in a well-established region of the reward circuitry. Since there was no
effect of THIP on water intake during the two-hour period where animals had previously been
given access to EtOH, this reduction in EtOH consumption was independent of impairment to
motor behavior and general consummatory behavior. This conclusion, however, does not
preclude the possibility of THIP-induced impairment of microstructural motor control according
to the topographical distribution of the cerebellar cortex (Lu et al., 2007). Pharmacological

147



manipulation of lobe IV/V attenuated EtOH-induced ataxia (Al-Ragaie & Dar, 2006a; Al-Ragaie
& Dar, 2006b), suggesting that the regions manipulated in the current study are involved in
motor behavior. While THIP may be inducing minor motor impairment, its effect is not significant
enough to alter water consumption, and thus, would not contribute to a reduction in EtOH
consumption.

An alternative explanation is that THIP could increase behaviors that compete with EtOH
consumption. For instance, Ramaker et al. (2014b) observed an enhancement in locomotor
activity from microinfusion of THIP into the nucleus accumbens shell. While a reduction in EtOH
intake due to behavioral stimulation cannot be ruled out, there is no evidence that cerebellar
modulation induces locomotor stimulation, while the nucleus accumbens is a critical brain region
underlying locomotor stimulation (Sprow et al., 2014). Additionally, systemic THIP administration
caused a slight increase in locomotor stimulation but failed to increase in the number of lever
presses made on the previously inactive lever during operant EtOH reinstatement (Ramaker et
al., 2014a), suggesting that animals were still able to discriminate and perform behaviors that
previously led to reward delivery. Therefore, it's unlikely that the THIP-induced reduction in
EtOH consumption resulted from an enhancement in competing behaviors.

Another alternative explanation is that the effects of THIP in lobes IV/V/VI integrate with
the impairing effects of consumed EtOH in the other cerebellar lobules to induce ataxia.
However, even in the absence of THIP, mice only obtained BEC levels around the threshold of
meeting binge criteria (~.8mg/ml), but this level is still lower than the BEC threshold at which B6
mice show significant impairment of rotarod performance, a measure of cerebellar ataxia
(~1.45mg/ml; Gallaher et al., 1996). After THIP injection, mice only reached BECs of ~.42mg/ml,
well below the threshold to induce significant cerebellar ataxia. This BEC corresponds to
approximately 9mM, which is the concentration at which | demonstrated in Chapter 4 that
EtOH’s influence on GABA4R signaling in the cerebellum and excitatory input to PCs is limited

to GC tonic GABAR inhibition, thereby largely limiting EtOH’s actions to the same §-subunit
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containing GABA4RSs that are enhanced by THIP. So despite their high EtOH consumption
phenotype, on average B6 mice are not achieving BEC levels associated with significant
cerebellar ataxia, arguing against a contribution of EtOH impairment in other cerebellar lobules

to an ataxic response.

5.4.3. Site-specific GABAergic inhibition of GCs reduces EtOH intake

One of the most fascinating conclusions is that enhancing GABAergic inhibition of only a
small subset of cerebellar GCs is sufficient to reduce EtOH intake. In the current experiments,
only lobes IV/V/VI were targeted. These lobes were selected for two reasons. First, surgical
implantation of cannulae prevented implantation into lobes VII-X without largely disrupting the
cerebellar cortex along the way. Also, because of the animal’s normal body movements and
flexion point near the caudal end of the cerebellum, the more caudal cannulae were at greater
risk of dislodging during the multi-week experimental protocol. Thus, choices for cannulae
implantations were limited to the rostrally oriented lobules. The second reason for selecting
these lobes came from previous cerebellar microinjection experiments by Al-Rejaie & Dar
(2006a; 2006b), who successfully attenuated EtOH-induced ataxia through pharmacological
modulation of lobes IV/V. Therefore, a primary reason that we targeted this cerebellar region
was because, through its modulation, others have attenuated EtOH-induced behavioral
impairment. While this study strongly supports further investigation into a cerebellar-based
approach for pharmacological treatment to combat AUDs, targeting treatment to a6,5-subunit
containing GABA.Rs in lobes IV/V presents a difficult challenge as these receptors are
distributed throughout the cerebellar cortex. The treatment efficacy of a selective agonist for the
06,0-GABALRSs that globally targets the cerebellum still needs experimental verification (see

below).
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5.4.4. Limitation

One primary limitation of the microinjection protocol is the inability to globally target
extrasynaptic GABAARS across the entire cerebellar cortex. The proportion of GCs affected by
THIP within the cannula-targeted lobe is limited to the diffusion volume of the drug, which must
be restricted to maintain pharmacological selectivity. THIP is a selective agonist for
extrasynaptic &-subunit containing GABAARSs at concentrations up to 1uM (Meera et al., 2011),
and therefore enhances GC tonic GABAAR without influencing phasic inhibition of GCs
mediated by synaptic GABAsRs. However, the minimal dose of THIP found to attenuate EtOH
consumption was 250ng, similar to the previously reported THIP dose thresholds in the nucleus
accumbens shell (Ramaker et al., 2014b). 250ng, when administered in 200nL aCSF (see
Methods), corresponds to a concentration of 7.08mM at its most concentrated point at the tip of
the cannula. Consequently, the effect of THIP may range from activation of both synaptic and
extrasynaptic GABA4RS at its most concentrated point, to selective enhancement of
extrasynaptic GABA,R-mediated currents within the penumbra. Maguire et al. (2014) found that
the behavioral consequences of a 100ng (or 3mM) THIP dose injected into the nucleus
accumbens core of wild-type mice were absent in a4-subunit knockouts, suggesting that the
effect of a 100ng THIP dose was the result of THIP’s action on &-subunit containing
extrasynaptic GABAARSs that mediate tonic inhibition. However, the selectivity of 250ng (7mM)
and 500ng (14mM) THIP, doses that statistically reduced EtOH intake, for extrasynaptic
GABARs is unclear. The inability to maintain consistent THIP concentrations and detect their
range across all of the GCs is a limitation of microinjection experiments. To eliminate problems
associated with a drug diffusion concentration gradient while maintaining lobule specificity,
future studies should seek to utilize optogenetic technology, which would enable specific and
consistent modulation of GC tonic GABAAR currents. To test the effect of modulating GCs in the
entire cerebellar cortex, designer receptors exclusively activated by designer drugs (DREADDS)
would enable specific modulation of GC inhibition simultaneously in all cerebellar lobes. These
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tools would also enable assessment of the impact that selectively suppressing GC tonic
GABAR inhibition would have on EtOH intake in D2 mice. Currently, the only pharmacological
agent that selectively blocks a6,5-subunit containing GABAARSs is the a6-subunit containing
GABAR antagonist, furosemide (Korpi et al., 1995). However, furosemide also blocks
synaptically expressed a6-subunit containing GABAARs as well as chloride transport in non-a6-
subunit containing GABAxRs (Misgeld et al., 1986), which severely limits the interpretation of

behavioral outcomes.

5.4.5. Conclusions

GC tonic GABAR inhibition is a highly sensitive target for modulation by EtOH. Here,
I've established that enhancing GC GABALR inhibition can reduce EtOH intake in a high
consuming mouse strain, representing the first demonstration that GABAARS in lobes IV-VI of
the cerebellum can regulate ethanol intake. Since a6,5-subunit containing GABAARS that
mediate the tonic current are relatively confined to cerebellar GCs, GC tonic GABAAR inhibition
is a promising and feasible target for pharmacologically combating problem EtOH use.

The THIP-induced reduction in EtOH intake confirms hypotheses derived from extensive
assessment of genetically regulated EtOH influences on the cerebellar circuitry. Variance in
EtOH sensitivity at the cellular level contributes to a range in EtOH consumption phenotypes,
which | demonstrate can be pharmacologically manipulated. This is the first evidence for such
cerebellar manipulation in affecting EtOH consumption, but it exposes likely benefit that further
investigation of the cerebellum in reward processing may have in directing treatment and our

understanding of reward networks.
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Supplementary Table 1. THIP had no effect on EtOH preference ratio. Preference ratios represent the amount of a
10% EtOH consumed as a proportion of the total fluid consumption during the 2-hour EtOH access period
(Preference ratio = ml EtOH/[m| EtOH + ml water]). There were no significant differences between the preference
ratios in any of the conditions (all P > .05).

Preference Ratio

Vehicle 50ng THIP | 100ng THIP | 250ng THIP | 500ng THIP
Experimentl | .94+ .02 - - - .93+.04

Experiment2 | .82+ .05 .86+ .05 91+.04 91+.04 92+.04
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Chapter 6: General Discussion

Our understanding of the role of the cerebellum has traditionally been limited to motor
control, but evidence generated over the last few decades supports a broader cerebellar role in
cognitive functioning and reward processing (Moulton et al., 2014; Schmahmann, 1991,
Stoodley et al., 2012). Of particular relevance to my thesis, sensitivity to cerebellar impairment
from acute EtOH exposure is a heritable behavioral phenotype that is associated with risk for
developing an AUD in humans and elevated EtOH consumption in rodents (Gallaher et al.,
1996; Schuckit, 1985; Schuckit, 1994). My research addressed the general hypothesis that
genetically regulated neural substrates that contribute to EtOH impairment of cerebellar
processing impact EtOH intake. Using slice electrophysiology in behaviorally well-characterized
animal models, these experiments expose heritable contributions to EtOH'’s impact on
cerebellar processing that vary as a function of EtOH-consumption phenotype. Furthermore,
they are the first experiments to directly test the effect that modulation of cerebellar signal
processing has on EtOH consumption, without the influence of substantial motor impairment.
The overall findings of this dissertation identify and define the interaction between genetically
regulated factors that are affected by low-EtOH concentrations and the consequent impact on
cerebellar processing and its behavioral consequences. Together, they identify a significant

cerebellar contribution to EtOH intake.

6.1. Summary of findings

GC tonic GABA,R inhibition is a sensitive target for modulation by low EtOH
concentrations, but the specific impact varies considerably across mammalian genotypes,
ranging from strong enhancement in low EtOH-consuming genotypes to suppression in high
EtOH-consuming genotypes (Chapters 2 and 3). EtOH’s overall effect on GC tonic GABAAR
inhibition is determined by the relative expression of two genetically determined factors: nNOS
expression in the GC layer determines the magnitude by which EtOH enhances GABAergic
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transmission from Golgi cells to GCs, and low PKC activity in GCs enables EtOH to directly
inhibit extrasynaptic GABA,Rs that mediate the tonic current (Chapter 2). Low EtOH-consuming
genotypes have greater GC layer nNOS expression levels than high-consuming genotypes
(Chapter 2 and 3; Kaplan et al., 2013; Mohr et al., 2013), which results in EtOH more strongly
increasing GABA release onto GCs in low EtOH consuming gentotypes. In higher EtOH-
consuming genotypes, the balance shifts towards low nNOS expression and low GC PKC
activity (Chapters 2 and 3), promoting EtOH-suppression of tonic GABAR inhibition. These
opposite actions of EtOH on GC tonic GABA4R inhibition fundamentally alter the effect of EtOH
on signal transmission through the cerebellar cortex by differentially affecting spontaneous and
mossy fiber evoked glutamatergic transmission to PCs, the sole output of the cerebellar cortex.
In particular, low concentrations of EtOH (9mM) that are known to disrupt cerebellar-dependent
behavior in low EtOH consuming D2 mice, but not high EtOH consuming B6 mice, suppress the
frequency of SEPSPs in D2 but not B6 mouse PCs (Chapter 4). Furthermore, 9mM EtOH
enhances/suppresses mossy fiber-evoked EPSPs in D2 and B6 mouse PCs, respectively.

I was not able to fully characterize all of the mechanisms mediating the observed
specific effects of EtOH on transmission through the cerebellar cortex. However, since the
differential impact that was initially discovered with respect to GC tonic GABAAR inhibition
appears to be the main target that is differentially modulated, and this differential impact was
maintained at subsequent stages of transmission through the cortex, | tested whether
pharmacologically counteracting EtOH suppression of tonic GABAAR currents in high EtOH
consuming B6 mice could reduce EtOH consumption. Targeted pharmacological enhancement
of GC tonic GABAAR with THIP microinjections into the cerebellum in vivo attenuates EtOH
intake without largely impairing motor behavior or the ability to consume fluids (Chapter 5).
Thus, EtOH suppression of GC tonic GABAAR inhibition may not simply be associated with a
high-EtOH consumption phenotype, but may also influence EtOH intake. Together, my findings
identify genetically controlled molecular mechanisms (i.e., nNOS and PKC activity) and the
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consequent neural mediator (i.e., GC tonic GABAAR and impact on excitatory input to PCs) by

which the cerebellum influences EtOH consumption.

6.2.1. General interpretations — antipodal effect of EtOH on GC tonic GABAAR inhibition

Behavioral description of the cerebellar LLR phenotype has focused primarily on motor
impairment (e.g. Schuckit, 1985), which is measured along a spectrum from no impairment (i.e.,
no ataxia) to severe ataxia. This range is inherently unidirectional, and when coupled to
previous reports of the effect of EtOH, which were limited to enhancement of rat GC tonic
GABAR inhibition (Carta et al., 2004; Hanchar et al., 2005), bounded my initial hypothesis
between a spectrum of EtOH-induced enhancement of GC tonic GABAR: I'd detect strong
enhancement of GC tonic GABAAR in behaviorally sensitive rodents and little enhancement in
behaviorally insensitive rodents. However, some prior evidence suggested the possibility,
instead, of antipodal EtOH effects on tonic GABAAR currents. For instance, muscimol stimulated
chloride uptake in cerebellar microsacs was reduced by EtOH in mice selectively bred for
resistance to ethanol-induced hypnosis, measured by loss-of-righting-reflex duration, whereas it
was enhanced in the selectively bred high-sensitivity strain (Allan et al., 1987). This was the first
evidence, though indirect, that EtOH might actually reduce GABA,R-mediated chloride influx.
Later, patch-clamp recordings using perforated patch of Chinese hamster ovary cells with
recombinant expression of a6,56-containing GABARS revealed a range of responses to EtOH,
from potentiation to suppression of a6326 GABA4R currents (Yamashita et al., 2006). Together,
these studies suggested that genetically regulated intracellular factors have the capacity to
enable either EtOH enhancement or suppression of a6,56-containing GABAAR currents.

The experiments in Chapter 2 identified that the relative balance between nNOS
expression in the GC layer and GC PKC activity dictates the range of EtOH’s effect on GC tonic
GABAR inhibition, from enhancement to suppression. Thus, high nNOS expression in
combination with moderate-high PKC activity leads to EtOH enhancement of GC tonic GABAAR
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inhibition. However, in the presence of TTX, EtOH suppresses GC tonic GABA4R inhibition in
D2s to a similar extent seen in B6s, which suggests that sufficient nNOS expression can
override direct inhibition of extrasynaptic GABAARs by EtOH when PKC is low. One explanation
is that EtOH alters GABA4R sensitivity directly at an allosteric site, consistent with previous
reports (Hanchar et al., 2006; Santhakumar et al., 2007), and that phosphorylation by PKC
either blocks EtOH from directly binding to this site or stabilizes the GABAAR complex in such a
manner that prevents the binding of EtOH and subsequent influence on chloride conductance.
Thus, much of the discrepancy regarding whether EtOH can directly affect a6,5-containing
extrasynaptic GABAARs may stem from differing phosphorylation environments between labs
(Carta et al., 2004; Hanchar et al., 2005). However, my results do not require direct EtOH
binding to GABA4RS. Instead, EtOH may be modifying GABAAR sensitivity through an
alternative mechanism that ultimately affects GABA,Rs. The current studies, do not address
EtOH binding characteristics or address the temporal regulation of GABAAR currents by
dynamic PKC-mediated phosphorylation and phosphatase-mediated dephosphorylation. While
EtOH enhancement or suppression of GC tonic GABAAR inhibition likely reflect a stable shift in
the PKC/nNOS balance (i.e., high nNOS in cases of enhancement and low PKC with low nNOS
in cases of suppression), responses that were categorized as “non-responders” (Chapters 2 and
3) may reflect either high PKC activity and low nNOS expression or low-moderate PKC activity
with low-moderate nNOS expression that together negate each other’s impact. Thus, the range
in behavioral sensitivity to EtOH impairment and EtOH consumption phenotypes may be
determined across a spectrum bounded by strong enhancement to strong suppression of GC
tonic GABA4R inhibition.

The direct consequence that these antipodal EtOH effects on GC tonic inhibition have on
the cell’s firing characteristics and passive membrane properties in vivo can be inferred. | used
voltage-clamp procedures to measure EtOH effects on a6,0-containing GABAAR currents, but
artificially set the driving force of chloride by setting the Ec,.to OmV while holding the membrane
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potential at V,, = -60mV. This creates a stronger driving force for chloride than that found in vivo
or in an unperturbed cerebellar slice where the Eg,.is approximately -75mV and resting
membrane potential hovers around V., = -70mV (Jorntell & Ekerot, 2006). The resulting smaller
amplitude chloride currents carried by extrasynaptic GABAARs contribute to GC inhibition by
having a shunting effect (i.e., causing a decrease in the cell’s input resistance) that increases
the required excitatory amplitude to achieve spiking threshold (Mitchell & Silver, 2003). This
shunting form of inhibition is also the primary consequence of activating extrasynaptic
GABARs, which increases AP spiking thresholds in other brain regions such as the
somatosensory cortex (Chance et al., 2002) and hippocampus (Semyanov et al., 2003). Based
on Chapters 2-4 and the work by Mitchell and Silver (2003), EtOH-stimulation of GABAergic
transmission, which increases both synaptic and extrasynaptic GC GABAAR conductance,
should attenuate the responsiveness to glutamatergic excitation from mossy fibers.

In hippocampal pyramidal neurons, sIPSCs can transiently inhibit neurons for 10-100ms
in vitro (Pouille & Scanziani, 2001) and may provide a temporal gate for modulating
transmission of specific signals. However, the small amplitude sIPSPs from a weak driving force
had little impact on synaptic integration at cerebellar GCs in vivo (Pouille & Scanziani, 2001).
Instead, the largest impact on neuronal gain of synaptic input to GCs is generated by tonic
GABAR inhibition (Hamann et al., 2002), and modulating gain can lead to impairment in the
fidelity of signal transmission through the cerebellar cortex (fidelity of signal transmission
describes the relationship between stimulated mossy fiber-input to GCs and resulting GC
activity as a function of the spontaneous GC activity; Duguid et al., 2012). Disruption of the
fidelity in the mossy fiber-GC relay is associated with behavioral and cognitive dysfunction
(Szemes et al., 2013) and, based on the THIP-induced attenuation in EtOH intake (Chapter 5),
could impact reward processing and EtOH intake.

Suppression of GC tonic GABAAR inhibition increases the input resistance of the GC
while having a modest effect on the resting membrane potential. Importantly, in vivo patch-

157



clamp recordings reveal that both suppression and enhancement of GC tonic GABAAR inhibition
cause deviations from the optimal GC “signal-to-noise” firing ratio (a comparison between the
number of mossy-fiber evoked spikes to spontaneous spikes) and similarly lead to impairment in
cerebellar processing (Duguid et al., 2012). Enhancing GC tonic GABAAR inhibition with THIP
has minimal effects on spontaneous GC spiking while strongly reducing the sensory whisker-
evoked spike output. Suppressing GC tonic GABAR inhibition with GABAzine, which is a broad
spectrum GABAAR antagonist that also inhibits synaptic GABAARS, increases the spontaneous
firing rate while only modestly increasing the evoked spike output. The effect that suppressing
or enhancing GC tonic GABA4R inhibition, either with selective pharmacology or with EtOH, has
on GC spike output was never directly measured in this dissertation, but my indirect
assessments are in partial contradiction with Duguid et al. (2012). Based on their report, | would
have expected 9mM to enhance sEPSP frequency in the B6s and have no effect in the D2s.
Instead, | found the opposite: 9mM EtOH had no effect on PC sEPSP frequency in B6 mice
(where it suppresses GC tonic GABA4R inhibition), but reduced it in D2 mice (where it enhances
GC tonic GABAR inhibition; Chapter 4). The EtOH-induced reduction in PC sEPSP frequency
was blocked by GABAzine, suggesting that it resulted from enhanced GC tonic GABAAR
inhibition and was not due to EtOH action on non-GABA4R targets. The reasons for this
discrepancy are unclear. One possibility is that the firing patterns in an in vivo anesthetized
cerebellum differ from that in an in vitro slice. The differing levels of mossy-fiber glutamatergic
input may shift the GC’s input resistance and baseline firing probabilities to promote a greater
reduction in spontaneous GC spiking when GC tonic GABAAR inhibition is enhanced in an in
vitro slice preparation. Similarly, another possibility is that the impact of tonic GABAAR
modulation on evoked and spontaneous firing patters may differ across species. D2 mice had a
higher baseline firing rate than B6s (Chapter 4) and that reported by Duguid et al. (2012) in
SDRs. The EtOH reduction in D2 PC sEPSPs may thus reflect greater sensitivity across the
broader spontaneous GC firing rate, which was obfuscated in the SDR by a lower baseline firing
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rate. Finally, it is likely that the impact of both enhancement and suppression of tonic GABAAR
inhibition is dependent on the magnitude of such changes, and 9mM EtOH will almost certainly
have a much more subtle impact than a high concentration of specific agonist or a saturating

concentration of antagonist.

6.2.2 General interpretations — nNOS expression

Blocking NO production by pre-soaking slices in the non-selective NOS inhibitor, L-NA,
attenuated the EtOH enhancement in Golgi cell firing and the increase in GC tonic GABAAR
inhibition. Thus, EtOH enhances GABAergic transmission to GCs via an AP-dependent
mechanism that requires a reduction in baseline NO levels. However, the electrophysiology
experiments alone do not permit the specific conclusion that neuronal NOS is the EtOH target.
Instead, this conclusion was based on the immunohistochemical observation of enhanced
NNOS expression in genotypes where EtOH enhanced GABAergic transmission to GCs. It is
therefore possible that EtOH’s actions on inducible or endothelial NOS could also contribute to
the electrophysiologically assessed NOS impact on GABAergic inhibition of GCs (discussed
more in Future Directions below), although the endothelial NOS isoform has a considerably
smaller contribution to cerebellar NO production than nNOS, and the inducible form is only
activated under pathological conditions (Hall & Attwell, 2008; Stuehr et al., 2004).

Additionally, we used DAF fluorescence to visualize an EtOH-induced reduction of NO
production (Chapter 2), confirming that EtOH indeed suppresses its activity. However, | am
unable to directly confirm whether EtOH is acting directly on the NOS enzyme itself or on a
precursor to NOS activation. The finding that L-arginine, an NOS substrate, enhanced the EtOH
response in SDRs suggests that L-arginine is a rate-limiting substrate for NO production, but it
doesn't directly address whether EtOH affected access to an NOS activator (e.g., calcium,
diacylglerol; Newton, 1995). One possibility is that EtOH reduces NOS activation by blocking
NMDA receptor-mediated calcium influx (Kumari & Ticku, 2000; Palmer et al., 1988; Wall,
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2003), but this remains to be tested in the cerebellum. Therefore, my interpretations are limited

to an EtOH-induced reduction in NO production that is mediated by reduced nNOS activity.

6.3. Cerebellar output

Behaviorally, enhancement of GC tonic GABA4R inhibition reduces EtOH consumption
(Chapter 5), but the neural mechanism through which it achieves this behavioral outcome is an
area for future exploration. PCs are the sole output of the cerebellar cortex and provide
GABAergic input to the deep cerebellar nuclei (DCN). The DCN, in turn, make polysynaptic
connections across the brain. Thus, modifying PC activity will have a functional consequence
via modulation of DCN outputs in response to afferent signaling.

However, inferences drawn in Chapter 4 regarding EtOH’s downstream effect on DCN
output, when only single PCs were assessed, are limited. A single PC has a less reliable
influence on DCN neuron activity than a population of PCs (Catz et al., 2008). Furthermore,
spike timing and firing rates of populations of PCs, firing in synchrony, play important roles in
information coding (De Zeeuw et al., 2011) and influence DCN output (Catz et al., 2008; Person
& Raman, 2012b). Thus, both PC spike timing and firing rate across a population of PCs needs
to be considered to comprehensively assess the impact that modulation of GC GABAAR
inhibition directly has on the outcome of cerebellar cortical processing at the level of the DCN.

GCs play an important role in generating and synchronizing PC simple spike activity
(Galliano et al., 2013; Heck et al., 2007). Specifically, blocking glutamatergic input to PCs from a
majority of GCs attenuates GC-evoked PC simple spike activity (Galliano et al., 2013), and by
enhancing GC tonic GABA4R inhibition, EtOH may similarly reduce or impair PC simple spiking
patterns. Reducing PC simple spiking in a subset of PCs may have a disinhibitory influence on
DCN neurons, but due to the 50:1 PC to DCN neuron convergence ratio, the effect of one or a
few PCs on DCN neuron output may be negligible (Person & Raman, 2012b; Sugihara et al.,
2009). Therefore, EtOH’s effects on the firing synchrony in a larger population of PCs may
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directly affect cerebellar-dependent behaviors through downstream deviant output from the
DCN.

Since GCs can synchronize spiking from a population of PCs (Galliano et al., 2013;
Heck et al., 2007), then enhancement in the activity of a population of GCs can synchronize
population PC spiking that affects DCN neuron activity. On the other hand, suppression in the
activity of a population of GCs may lead to the failure to synchronize PC spiking and impair
modulation of DCN output. My data suggests that nNOS expression determines if EtOH
dampens GC activity, which in turn, may impede their role in synchronizing PC firing.
Immunohistochemical and electrophysiological assessment of NNOS expression revealed
clustered expression patterns (especially in B6 mice, PVs, and NHPs) throughout the sagittal
orientation of the GC layer (Chapters 2 and 3; Kaplan et al., 2013; Mohr et al., 2013). These
NNOS rich and poor domains may promote similar GC responses to EtOH within each domain
(i.e., suppression of tonic GABAAR inhibition or insensitivity in nNOS poor domains and
enhancement of GABAR inhibition in nNOS rich domains). In the presence of EtOH, GCs in
NNOS poor domains may be more effective at synchronizing a population of PCs within
parasagittal zones (up to 500um) or microzones (up to 100um) than GCs in an nNOS rich
domain (Person & Raman, 2012b).

However, whether PC spiking rates are enhanced or reduced by GC-mediated firing
synchrony depends on the spatial relationship between the PCs and afferent GCs (Dizon &
Khodakhah, 2011). Photostimulation of glutamate from subsets of GCs directly beneath PCs, in
the parasagittal plane, has a purely excitatory effect on PCs, while GCs positioned 340-400um
laterally from the target PC have a purely inhibitory effect via feedforward inhibition by molecular
layer interneurons (Dizon & Khodakhah, 2011). Thus, activated GCs positioned laterally to a
group of PCs will provide reciprocal signaling through feedforward inhibition to the PC, and

although perhaps synchronized with surrounding PCs, may cause a reduction in output to the
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DCN. This contrast between excitation and inhibition through reciprocal signaling is an important
component of cerebellar processing (Person & Raman, 2012b).

EtOH may impair cerebellar-dependent behaviors by reducing the contrast between
excitation and inhibition through reciprocal signaling. Since the effect of GCs on PCs ranges
from excitation to inhibition, depending on their respective spatial locations, the impact of EtOH
on PC output to a given neuron in the DCN is largely determined by the spatial distribution of
NNOS expression patterns (both beneath and lateral to a given PC) relative to the particular
population of PCs that converge onto the specific DCN neuron. Under this framework, GCs in
NNOS rich domains are most strongly inhibited by EtOH, and as a result, provide weaker
signaling to PCs. This may be reflected in attenuated excitation of the PCs directly above these
PCs during afferent mossy fiber signaling, compared to in the absence of EtOH, and weaker
inhibition of PCs positioned laterally to these GCs. Since proper cerebellar function requires
strong rate-coding contrast (Person & Raman, 2012b), the reduced contrast may be reflected in
an indistinguishable change in PC input to the DCN. Consequently, the DCN output won't
change, leading to a failure in conveyance of the appropriate corrective step to downstream
forebrain targets (Ito, 2005), the result manifesting in impaired cerebellar-dependent behavior or
cognitive function.

Studies that have experimentally manipulated PC firing patterns and DCN outputs have
largely limited their assessment to motor behavior. The behavioral experiments in Chapter 5
indirectly modulated PC activity by affecting GC firing properties (inferred from Chapters 2-4).
Intriguingly, one study similarly modulated PC activity by substantially diminishing the
glutamatergic output from a majority of GCs, by rendering Cay2.1 channels inactive. This
manipulation reduced PC simple spike frequency, but had no effect on performance of
cerebellar-dependent tasks such as rotarod, the Erasmus Ladder, and occulomotor
assessments such as the vestibulo-ocular reflex (Galliano et al., 2013). In Chapter 5, THIP
microinjection presumably also did not affect all PCs in a given lobe. Therefore, it is not
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surprising that THIP didn’t affect water consumption, our indirect measure of motor impairment.
However, one could argue that the water consumption test is not a sensitive measure of motor
impairment, and thus, fine motor impairments would go undetected. The Galliano et al. (2013)
study argues against that postulation by demonstrating that a reduction in GC signaling, in the
majority but not all GCs, has no effect on more sensitive acute motor assessments. Instead, the
GC contribution to motor behaviors may be limited to complex procedural cerebellar-dependent
motor learning (Alba, et al., 1994; Galliano et al., 2013; Steuber et al., 2007), and so a THIP-
induced impairment of motor behavior may have been detected under alternative experimental
protocols. Since pharmacological manipulation of lobes IV/V/VI lobes by Dar (2006) blocked
EtOH-induced ataxia, it suggests that they significantly contribute to cerebellar-dependent motor
behavior. Therefore, it's more likely that THIP didn’t impair motor function and water intake due
to incomplete suppression of GC activity, consistent with Galliano et al. (2013).

An important interpretational consideration from the Galliano et al. (2013) study,
however, is that the unaffected GCs still had normal membrane properties (e.g., input
resistance), while THIP enhancement of GC tonic GABAAR inhibition via microinjection is
presumed to reduce the GC input resistance. The consequential reduction in gain of the mossy
fiber-GC relay to PCs (Mitchell & Silver, 2003) was not affected in the GCs with active Ca,2.1
channels. Thus, it remains possible that reducing glutamatergic input to PCs by
pharmacologically enhancing GC tonic GABAAR may have a differential effect on motor
behavior than if input was reduced by blocking vesicular glutamate release by genetic deletion
of Cay2.1 channels.

The THIP-induced reduction in EtOH intake (Chapter 5) is likely dependent on cerebellar
outputs to reward circuitry in the forebrain (see Future Studies below for more discussion). But
how EtOH’s effects on PCs affect downstream DCN neuron output is unclear. For instance, it's
not simply that increasing the firing rate of a single PC input to a DCN neuron will reduce its
output (McDevitt et al., 1987). Instead, DCN neurons produce short-latency APs that
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immediately follow synchronous IPSPs and enable the coding of spike-timing information
conveyed by PCs firing in synchrony (Person & Ramann, 2012b). Thus, the firing rate of DCN
neurons can vary as a function of the spiking rate of synchronous PC inputs and the number of
PCs in synchrony. Sensory stimuli thought to increase PC activity, via enhancement of the
mossy fiber-GC relay, reduced DCN neuron spiking rates (Rowland & Jaeger, 2005) similar to
that detected by stimulating parallel fibers, in vitro (Person & Raman, 2012a). In B6s, reduced
mossy fiber-evoked input to PCs by 9mM EtOH could, in turn, contribute to reduced PC input to
DCN neurons, more gaps in afferent IPSPs, and a resulting higher DCN output firing rate. In
light of this, it's intriguing that the DCN support intracranial self-stimulation, an operant
assessment of reward-related behavior (Corbett et al., 1982). Additionally, vermis stimulation at
100Hz for one hour increased dopamine turnover in the rat nucleus accumbens (Albert et al.,
1985), suggesting that increasing PC spiking frequency above normal levels (~60Hz; Person &
Raman, 2012b) can also increase the gain of reward processing. However, both the PC firing
rate and stimulation intensity are beyond physiologically relevant ranges, further emphasizing
the complexity in trying to predict DCN output to forebrain regions from EtOH'’s effects on

individual PCs.

6.4. Evolution of hypotheses and understanding of EtOH’s actions

These studies began with the simple hypothesis: EtOH will more strongly increase
GABAergic transmission to GCs in low EtOH consuming rodents that are behaviorally sensitive
to cerebellar ataxia (e.g., D2 mice and SDR) than high EtOH consuming, behaviorally
insensitive rodents (e.g., B6 mice). This hypothesis was formulated from human (Schukit, 1985;
Schukit, 1994) and animal studies (Gallaher et al., 1996; Yoneyama et al., 2008) of the
cerebellar LLR phenotype. It seemed necessary that behavioral sensitivity to acute EtOH would
have a neural substrate by which measureable differences in response to EtOH exposure could
be detected; i.e., | should be able to find a genetically regulated cellular LLR. However, it quickly
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became apparent that EtOH’s effects did not simply range along a unipolar spectrum from
strong enhancement to no enhancement. Instead, the neural LLR is actually a response to
EtOH that ranges along a bipolar distribution, from enhancement to suppression of GC tonic
GABA,R inhibition.

In keeping with the LLR framework, | next proposed that suppression of GC tonic
GABAR inhibition would be less disruptive of transmission through the cerebellar cortex. In
some regard, this prediction was supported. EtOH-induced suppression of GC tonic GABAAR
inhibition in the B6 mice did not affect spontaneous glutamatergic input to PCs, while as
predicted, EtOH significantly reduced sEPSP frequency in D2 mice. However, when mossy
fibers were stimulated, EtOH enhanced the excitatory input to PCs in D2 mice, and that
contrasted with a slight reduction in excitatory input to PCs in B6 mice. The specific
mechanisms mediating this effect are not fully understood at present, but hypothetically may
relate to variation in PC input resistance driven by EtOH-induced dampening of spontaneous
GC activity in the D2 mice, and consequent decrease in both AMPA receptor activation and
feed-forward GABAergic inhibition. The impact that raising the PC input resistance has on signal
integration and its effect on input to the DCN was not tested. Regardless of the mechanisms,
the opposite impact of EtOH, between D2 and B6 mice, persisted at the PC output.

For genetic variation in EtOH’s effect on GC tonic GABA4R inhibition to be the primary
mechanistic explanation for the cerebellar LLR phenotype, it assumes that there aren’t any
other highly sensitive cerebellar EtOH targets that show genotypic diversity. Ancillary targets for
differential EtOH sensitivities include, but are not limited to, molecular layer interneurons (Hirono
et al., 2009; Mameli et al., 2008; Wadleigh & Valenzuela, 2011), NMDA receptor signaling (He
et al., 2013), metabotropic glutamate receptors (Carta et al., 2006), NO'’s interaction with
nicotinic acetylcholine receptor-signaling (Taslim & Dar, 2011), and neurosteroid signaling
(Tokuda et al., 2011). While some of these targets could contribute to differing sensitivity to
EtOH-induced cerebellar impairment, only EtOH’s effect on molecular layer interneurons was
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explicitly assessed (Chapter 4) and found to be similarly insensitive to EtOH modulation in both
B6 and D2 mice at low EtOH concentrations, relative to its effect on tonic GABAAR inhibition.
There also was no variation in the GC response to bath application of the synthetic
neurosteroid, ganaxolone (personal observations), although baseline levels or EtOH-stimulated
neurosteroid concentrations were never measured. Nonetheless, the striking differences in
EtOH'’s effect on GC tonic GABAAR inhibition and downstream effect on glutamatergic input to
PCs strongly suggests that EtOH'’s action on GC GABAAR inhibition is a principal contributor to
the cerebellar LLR and associated EtOH consumption phenotype.

Another hypothesis derived from Fernando Valenzuela’s laboratory (e.g., Carta et al.,
2004) and my own preliminary work in the SDR model (Chapter 2) was that EtOH’s actions on
GC tonic GABALR inhibition would be solely presynaptic. These early experiments were
conducted in SDRs, and TTX blocked the effect of 52 and 79mM EtOH on the magnitude of GC
tonic GABAAR inhibition and the holding current noise. Adding B6 and D2 mice to the
assessment of EtOH’s actions revealed postsynaptic inhibition of GC tonic GABAAR currents by
EtOH when PKC activity was low, which could be induced in SDRs by pharmacologically
blocking GC PKC activity. PVs (Chapter 3) and non-human primates (Mohr et al., 2013)
confirmed the predictive validity of these findings. The case for postsynaptic EtOH action, and in
particular postsynaptic suppression of GABAxRs by EtOH remains controversial. However, it's
supported here by a reduction in the root mean square of the membrane potential noise, a
response in the presence of TTX under whole-cell conditions or after nucleated patch formation,
and induction or block by modulating GC PKC activity. Together, these findings reveal the
importance of considering EtOH’s actions on GABAergic inhibition of GCs in a dynamic matter

that ranges from exclusive presynaptic action to postsynaptic action.

6.5. Future directions
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These studies highlight a number of directions through which EtOH’s actions on
cerebellar processing can be better understood. First off, the findings that nNOS and GC activity
dictate the effect of EtOH on GC tonic GABA4R inhibition only partly predict EtOH’s action in
Vivo, as they omit the complex interaction between environmental factors and
phosphorylation/dephosphorylation events, and NO production. In vitro, diverse EtOH
responses were detected within animals, ranging from pure enhancement of tonic GABAAR
inhibition to suppression. What factors promote the GC conditions that facilitate this range?
Because calcium can activate PKC activity (Newton, 1995), in vivo cerebellar activity patterns
may differentially affect PKC activity. Similarly, nNOS signaling may vary as a function of
calcium signaling levels (Palmer et al., 1988; Wall, 2003), suggesting that the precise effects of
acute EtOH may be state-dependent that's bounded by a genetically-determined range.
Identifying how particular activity states influence EtOH responses may be critical in developing
efficacious cerebellar-centric AUD treatments with minimal consequences on other cerebellar-
dependent functions.

The use of broad-spectrum PKC agonists/antagonists, and non-specific NOS
antagonists prevented the assessment of particular PKC and nNOS isoform contributions to
EtOH’s effects on GC tonic GABA,R inhibition. Future studies should work to uncover the
relative contributions of the host of PKC isoforms active within GCs (Naik et al., 2000) in order
for more precise genetic screening or to direct pharmacological treatment strategies. Similarly,
non-selective NOS inhibitors don’t distinguish between inducible, endothelial, or neuronal forms
of NOS. So while the results derived from immunohistochemistry of nNOS support the
electrophysiological assessment, the possibility for contributions from other minor NO sources
(i.e., inducible and endothelial NOS isoforms) on the EtOH response can't be ruled out. Thus,
future studies should systematically test whether nNOS is the sole NOS EtOH target in the

cerebellum by ruling out contributions from inducible and endothelial NOS.
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Another question that remains unresolved is how EtOH is actually interacting with a6,6-
subunit containing GABAsRs. The long debate over EtOH’s direct action may wane since I've
shown that it depends on the phosphorylation state of the receptor, but the manner in which
EtOH actually interacts with a6,6-subunit containing GABARS to reduce their open probability
for a given concentration of GABA remains unresolved. How it achieves this should be an area
of future investigation. Is it a direct action of EtOH on the extrasynaptic GABAARS, or is it via
EtOH actions on GABA,R active second messengers? Furthermore, it's unclear why some
groups (e.g. Hanchar et al., 2005) detect direct postsynaptic enhancement of GC tonic GABAAR
inhibition by EtOH, while only suppression was reported here. Could this difference be due to
differential phosphorylation characteristics, such as isoform expression differences across
species? Phosphorylation targets on the GABAAR, such as at the a or B subunits (Abramian et
al., 2010; Jovanovic et al., 2004), may differentially contribute to direct EtOH action occurring at
the interface of these subunits (Wallner et al., 2014). Exactly how EtOH suppresses these
receptors is an important area of future research as EtOH sensitivity may be predicted based on
genotypic variation of particular subunits (Hanchar et al., 2005).

Finally, the cerebellar outputs that directly affect EtOH drinking behavior are a critical
next stage of assessment. I've proposed above that cerebellar input to areas of the reward
circuit, such as the ventral tegmental area, the nucleus accumbens, and the prefrontal cortex,
are candidate regions through which the cerebellum could influence elements of EtOH
consumption. One quick and basic strategy to direct extra-cerebellar investigation could be to
microinject alcohol into the cerebellum, similar to the method described in Chapter 5, and then
search for regions of elevated forebrain cFOS expression. Alternatively, cerebellar-specific
projections that impact EtOH consumption can be assessed by injecting an anterogradely
expressing halorhodopsin into the cerebellum and then systematically inactivating the

hypotheses-directed forebrain regions (e.g. hucleus accumbens, ventral tegmental area) with
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light. Reductions in EtOH consumption using this method would provide further insight into the

cerebellar outputs that influence EtOH intake and potentially other reward-related behaviors.

6.6. Relevance to preventative and treatment strategies to combat AUDs

Genomics has become a popular strategy for exploring the interaction between gene
expression with the environment in EtOH sensitivity and AUD risk (Morozova et al., 2014;
Schuckit, 2014). These studies have revealed substantial genetic networks that influence
elements of EtOH-related phenotypes ranging from EtOH metabolism to neurotransmitter
signaling (Morozova et al., 2014). However, understanding the functional consequence of
candidate genes within the nervous system is a critical element in establishing pharmacological
treatment strategies or devising diagnostic preventative techniques. Here, | established that
both GC PKC activity and nNOS expression in the GC layer contribute to EtOH'’s impact on GC
tonic GABAAR inhibition, but that nNOS expression most strongly correlated to consumption
phenotype across animals (Chapters 2 and 3). Thus, genetic screening of nNOS-related genes
may provide added diagnostic insight and accuracy into risk for developing an AUD.

To date, there is only limited evidence supporting the utility in genetic screening for the
nNOS gene. Mice deficient in the a splice variant of the nNOS gene drank nearly six times more
EtOH than wild-type mice and showed lower sensitivity to EtOH’s impairment of the righting
reflex (Spanagel, et al., 2002). Intriguingly, this finding contrasts with the effects of acutely
inhibiting NNOS on the neurobehavioral effects of EtOH. Acute administration of a variety of
NOS inhibitors, instead, reduces EtOH consumption (Calapai et al., 1996; Rezvani et al., 1995)
and preference in dependent rats (Lallemand & De Witte, 1997). Together, these studies
propose that a large reduction of nNOS activity, either by EtOH or pharmacological inhibition,
serves to limit EtOH consumption. On the other hand, when nNOS activity is already low, no
such drug-induced contrast is perceived. These behavioral studies, therefore, are consistent
with the results from Chapters 2 and 3 that associate lower nNOS expression levels with higher
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EtOH-consuming genotypes. As a result, the potential efficacy of nNOS inhibitors in reducing
EtOH intake may be dependent on baseline nNOS expression levels.

Beyond nNOS expression, the findings here expose the cerebellum as a novel target
with promising efficacy for combating AUDs. This awareness is the first step in orienting our
attention to devising appropriate interventional therapies which may be employed at very young
ages. The Danish Longitudinal Study of Alcoholism identified cerebellar-dependent biomarkers,
such as muscle tone at five days, unassisted sitting, and walking at one year, that were
associated with higher risk for developing EtOH dependence within 30 years (Manzardo et al.,
2005). This study highlights the relevance of the cerebellum as a diagnostic target for AUD risk
and proposes the importance of early interventional strategies, similar to that in Autism
(Corsello, 2005). Thus, early diagnosis of AUD risk from cerebellar-dependent measures may

direct functional interventions to attenuate risk.
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