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Abstract
The role of dopamine (DA) signaling in regulating the rewarding properties of drugs, including
alcohol, has been widely studied. The majority of these studies, however, have focused on the DA
neurons located in the ventral tegmental area (VTA), and their projections to the nucleus
accumbens. DA neurons within the ventral periaqueductal gray (vPAG) have been shown to
regulate reward but little is known about the functional properties of these neurons, or how they
are modified by drugs of abuse. This lack of knowledge is likely due to the highly heterogeneous
cell composition of the vPAG, with both γ-amino-butyric acid (GABA) and glutamate neurons
present in addition to DA neurons. In this study, we performed whole-cell recordings in a TH–
eGFP transgenic mouse line to evaluate the properties of vPAG-DA neurons. Following this initial
characterization, we examined how both acute and chronic alcohol exposure modify synaptic
transmission onto vPAG-DA neurons. We found minimal effects of acute alcohol exposure on
GABA transmission, but a robust enhancement of glutamatergic synaptic transmission in vPAG-
DA. Consistent with this effect on excitatory transmission, we also found that alcohol caused an
increase in firing rate. These data were in contrast to the effects of chronic intermittent alcohol
exposure, which had no significant impact on either inhibitory or excitatory synaptic transmission
on the vPAG-DA neurons. These data add to a growing body of literature that points to alcohol
having both region-dependent and cell-type dependent effects on function.
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Introduction
Alcohol-use disorders are an enormous public health problem, and understanding the
neurochemical systems involved in regulating the actions of alcohol can provide insight for
the development of more effective treatments. Numerous reports have suggested that the
subjective responses to acute alcohol exposure are related to the risk of development of
alcohol-use disorders (Morean & Corbin, 2010). As such, understanding the actions of acute
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alcohol exposure is an important area of investigation. Animal studies have shown that acute
alcohol exposure can induce locomotor stimulation (Humeniuk, White, & Ong, 1993; Koob,
1992; Kornetsky, Bain, Unterwald, & Lewis, 1988) and is also anxiolytic (Morales-Mulia et
al., 2012; Sharko, Kaigler, Fadel, & Wilson, 2013). Alcohol exposure also modifies pain
perception and the anti-nociceptive effects of opiates (Peris, Peiro, Hernandez, & de la Parte,
2005). Chronic alcohol exposure produces very different behavioral effects during
withdrawal. Locomotor activity has been reported to decrease (Broadwater, Varlinskaya, &
Spear, 2011), and anxiety-like behaviors are observed (Kliethermes, 2005) during the
withdrawal period. Other withdrawal-induced behaviors include aggression (Echevarria,
Toms, & Jouandot, 2011; Heinz, Beck, Meyer-Lindenberg, Sterzer, & Heinz, 2011),
anhedonia (Fukushiro et al., 2012), insomnia (Brower & Perron, 2010), and increased
sensitivity to pain (Gatch, 2009; Jochum, Boettger, Burkhardt, Juckel, & Bar, 2010). Given
the diversity of these behavioral outcomes, there are likely multiple brain regions and their
projection regions that are modified by alcohol exposure.

A large body of evidence suggests that dopamine (DA) signaling plays a critical role in
mediating the rewarding aspects of acute alcohol exposure. Much of this research has
focused on the mesolimbic DA system, which is composed of DA neurons in the ventral
tegmental area (VTA) that project to the nucleus accumbens (Gonzales, Job, & Doyon,
2004; Wise, 2006). However, recent studies have shown that dopamine signaling in other
brain regions critical to alcohol abuse, such as the extended amygdala (Eiler, Seyoum,
Foster, Mailey, & June, 2003), can play an important role in alcohol reward. Interestingly,
the extended amygdala receives a strong dopaminergic projection from the A10dc DA
neurons, located in the ventral periaqueductal gray (vPAG), as well as dorsal raphe nucleus
(DRN) (Hasue & Shammah-Lagnado, 2002; Meloni, Gerety, Knoll, Cohen, & Carlezon,
2006). The vPAG is particularly relevant as a target for the acute actions of alcohol as it has
been implicated in the regulation of arousal (Heinz et al., 2011; Jia et al., 2012), anxiety
(Devall & Lovick, 2010; Mendes-Gomes & Nunes-de-Souza, 2009; Spiacci, Coimbra, &
Zangrossi, 2012), sleep (Lu, Jhou, & Saper, 2006), pain (Flores, El Banoua, Galan-
Rodriguez, & Fernandez-Espejo, 2004; Freund et al., 2011; Mendes-Gomes, Amaral, &
Nunes-de-Souza, 2011; Yang et al., 2011), and opiate reward (Flores, Galan-Rodriguez,
Ramiro-Fuentes, & Fernandez-Espejo, 2006). Despite the potential behavioral relevance of
vPAG-DA neurons to the actions of alcohol, there have been no studies examining either the
properties of these neurons, or the ability of alcohol to modify their function. In this study,
we utilized a TH–eGFP transgenic mouse to selectively record from DA neurons in the
vPAG and evaluated the impact of both acute and chronic alcohol exposure on synaptic
transmission.

With the knowledge that vPAG-DA neurons project to the extended amygdala and that
pharmacological blockade of dopamine receptors in these regions can modulate alcohol-
drinking behavior, we investigated the effects of both acute and chronic alcohol exposure on
synaptic function in vPAG-DA neurons. Briefly, we found that alcohol did not modify mini-
inhibitory postsynaptic currents (mIPSCs) in vPAG-DA neurons, but increased mini-
excitatory post-synaptic current (mEPSC) frequency. Consistent with these synaptic effects,
we found that acute alcohol exposure increased firing of vPAG-DA neurons. Interestingly,
chronic alcohol exposure did not alter synaptic function in these neurons.

Materials and methods
Animals and husbandry

Adult male TH–eGFP mice on a Swiss Webster background (aged between 5 and 9 weeks)
were bred and used in accordance with an animal use protocol approved by the University of
North Carolina – Chapel Hill (IACUC). Mice were group-housed in our colony room under
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a 12:12-h light cycle, with lights on at 7:00 AM daily. Mice were given ad libitum access to
rodent chow and water. Mating pairs of mice were created by GENSAT and obtained from
the Mutant Mouse Regional Resource Center in North Carolina. In the TH–eGFP mouse
line, the genome was modified to contain multiple copies of a modified bacterial artificial
chromosome in which an eGFP reporter gene was inserted immediately upstream of the
coding sequence of the gene for tyrosine hydroxylase (TH). Data presented here were
obtained from the transgenic mice maintained in-house.

Electrophysiology brain slice preparation
Mice were decapitated under isoflurane anesthesia and their brains were rapidly removed
and placed in ice-cold sucrose artificial cerebrospinal fluid (ACSF) (in mM): 194 sucrose,
20 NaCl, 4.4 KCl, 2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10.0 glucose, and 26.0 NaHCO3
saturated with 95% O2/5% CO2. Three hundred micron slices were prepared using a Leica
VT1200 vibratome (Wetzlar, Germany).

Slice whole-cell electrophysiology
Brain slices containing the PAG were obtained and stored at approximately 30 °C in a
heated, oxygenated holding chamber containing artificial cerebrospinal fluid (ACSF) (in
mmol/L): 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10.0 glucose, and 26.0
NaHCO3 before being transferred to a submerged recording chamber maintained at
approximately 30 °C (Warner Instruments, Hamden, Connecticut). Recording electrodes (3–
5 MΩ) were pulled with a Flaming-Brown Micropipette Puller (Sutter Instruments, Novato,
CA) using thin-walled borosilicate glass capillaries. During inhibitory transmission
experiments, recording electrodes were filled with (in mmol/L) 70 KCl, 65 K+-gluconate, 5
NaCl, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2 QX-314, 0.6 EGTA, 4 ATP,
0.4 GTP, pH 7.4, 290–295 mOsmol. During excitatory transmission experiments, recording
electrodes were filled with (in mmol/L) 117 D-gluconic acid, 118 CsOH, 20 HEPES, 0.4
EGTA, 5 TEA, 2 MgCl2, 4 Na2APT, 0.4 Na2GPT, 2 QX-314. To measure Ih current, cells
were held at −140 mV for a 1-s duration immediately after breaking into the membrane and
analyzed for the final 100 ms of this voltage step. In voltage-clamp experiments, cells were
held at −70 mV and inhibitory post-synaptic currents (IPSCs) were pharmacologically
isolated with 3 mmol/L kynurenic acid, to block α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor-dependent post-
synaptic current. Excitatory post-synaptic currents (EPSCs) were pharmacologically isolated
by adding 25 µmol/L picrotoxin to block γ-amino-butyric acid (GABA) receptor-dependent
current. To isolate miniature inhibitory post-synaptic currents (mIPSCs), tetrodotoxin (0.5
µmol/L) was added to the perfusing ACSF solutions described above. During
electrophysiology experiments with chronic intermittent alcohol exposure, mini-inhibitory
(cells held at +10 mV) and excitatory (cells held at −55 mV) transmissions were examined
within the same cells using the following internal solution (in mmol/L): 135 Cs-
methanesulfonate, 10 KCl, 10 HEPES, 1 MgCl2, 0.2 EGTA, 4 MgATP, 0.3 Na2GPT, 20
phosphocreatine. In firing-rate experiments, we used cell-attached experiments where the
cell membrane was not ruptured, with the seal maintained under 50 MΩ, while recording
electrodes were filled with (in mmol/L): 135 K+-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES,
0.6 EGTA, 4 Na2APT, 0.4 Na2GPT. Signals were acquired via a Multiclamp 700B amplifier
(Molecular Devices, Sunnyvale, California), digitized at 20 kHz, filtered at 3 kHz, and
analyzed using Clampfit 10.2 software (Molecular Devices). Input resistance and access
resistance were continuously monitored during experiments. Experiments in which changes
in access resistance were greater than 20% were not included in the data analysis.
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Chronic intermittent alcohol vapor paradigm
Adult mice were exposed to alcohol vapor or air in La Jolla Alcohol Research chambers for
16 h per day (16 h on, from 4:00 PM to 8:00 AM the following day; 8 h off) for 2 cycles of
4 days in and 3 days off. Alcohol vapor was created by bubbling 95% alcohol in a vaporizer
at a rate of 4–6 L/min air; the vapor was administered at a flow rate of approximately 15 L/
min air to each individually sealed cage. Alcohol levels were adjusted to reach animal blood
alcohol concentration (BAC) above 200 mg/dL, as well as monitored using a Breathalyzer®

at the beginning and end of every exposure. To achieve intoxication BAC levels, alcohol-
exposed mice were injected with 10 mL/kg of 68.1 mg/kg of the alcohol dehydrogenase
inhibitor pyrazole combined with 1.5 g/kg 20% (v/v) alcohol in saline; air-exposed mice
received 10 mL/kg of 68.1 mg/kg pyrazole in saline. Electrophysiology was performed 48 h
after the mice exited the chamber from the last cycle.

Immunohistochemistry
Mice were anesthetized with Avertin and perfused transcardially with chilled 0.01 M
phosphate-buffered saline (PBS), immediately followed by 4% paraformaldehyde
phosphate-buffered saline. Brains were extracted and post-fixed in 4% paraformaldehyde for
24 h and immersed in a 30% sucrose solution for 48 h, both at 4 °C. Coronal sections 45 µm
in thickness were collected using a Leica VT1000S vibratome (Leica Microsystems,
Nussloch, Germany) and stored in a 50% glycerol solution at −20 °C until
immunohistochemistry was performed. Slices were rinsed for 5 min in chilled PBS,
followed by a 10-min incubation in 0.1% Triton X-100 in PBS solution, two 5-min PBS
washes, and a 30-min incubation in 0.5% Triton X-100 in PBS solution. After a 1-h
incubation in a blocking solution made of 0.1% Triton X-100/10% Normal Donkey Serum
in PBS, the tissue was then incubated for 48 h at 4 °C with their respective primary
antibodies diluted in 0.1% Triton X-100/10% Normal Donkey Serum in PBS blocking
solution (anti-Tyrosine Hydroxylase [1:500], Pel-Freez P60101-0, Lot 28632; anti-Green
Fluorescent Protein [1:500], Aves Laboratories, GFP-1020). Slices were rinsed three times
for 10 min in chilled PBS before incubating for 24 h at 4 °C in their respective secondary
antibodies diluted in PBS (Alexa Fluor 647 Donkey anti-Sheep [1:800], TH; Alexa Fluor
488 Donkey anti-Chicken [1:200], GFP; Jackson Immuno Research). Tissue was rinsed four
times for 10 min in chilled PBS, and mounted using Vecta-Shield Mounting Medium
(Vector Laboratories, Burlingame, CA, H-1000) prior to image collection.

Statistics
Effects of drugs during electrophysiological recordings were evaluated by comparing the
magnitude of the dependent measure (mIPSC or mEPSC frequency and amplitude) between
the baseline and wash-on (when drug had reached maximal effect at 10 min) periods using
paired t tests. The effects of antagonists/blockers on the ability of drugs to modulate synaptic
transmission were compared using t tests during the washout period. All values given for
drug effects throughout the article are presented as mean ± SEM.

Results
Basal electrophysiology properties: vPAG vs. VTA

We first wanted to confirm that the TH–eGFP mouse line would report correctly for DA
neurons in the vPAG. To examine this, we performed dual-label immunofluorescence and
looked for overlap of TH and eGFP in the vPAG of the reporter (Fig. 1). We found that 69.6
± 4.5% of eGFP-positive neurons were co-localized with TH (n =2) animals. Having
determined the fidelity of this TH–eGFP reporter line for DA neurons in the vPAG, we then
examined the membrane capacitance and resistance in eGFP-positive neurons in the vPAG.
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We found that DA neurons in the vPAG (n = 35) have an average membrane resistance of
866.7 ± 72.5 MΩ, and a membrane capacitance of 16.6 ±1.0 pF. In addition, the DA neurons
in the vPAG had an average Ih current of −8.1 ± 2.4 pA, with most neurons (21 out of 35) in
the vPAG lacking any measurable hyperpolarization current.

Acute alcohol modification of GABAergic transmission in the vPAG
We next evaluated the effects of 50 mM alcohol on GABAergic synaptic transmission. We
selected a concentration based on previous studies that showed effective modification of
inhibitory currents in the VTA (Theile, Morikawa, Gonzales, & Morrisett, 2008, 2011). We
found no effects (n = 6) on miniature IPSC (mIPSC) frequency (100.4 ± 27.6% of baseline,
Fig. 2A and B), amplitude (85.4 ± 17.0% of baseline, Fig. 2C), or decay (98.4 ± 4.7% of
baseline, Fig. 2D). Further, acute alcohol exposure had no effects on evoked IPSC
transmission (data not shown). Our data suggest that synaptic GABAergic transmission in
vPAG-DA neurons is not modified by alcohol. However, previous studies have shown that
alcohol can potently modify extra-synaptic GABAA receptors (Jia, Chandra, Homanics, &
Harrison, 2008). Thus, we examined the impact of 50 mM alcohol on holding current and
the standard deviation of the noise, two measures that are related to tonic GABAA receptor-
mediated currents (Jia et al., 2008). We found that 50 mM alcohol does not alter the holding
current or cause a shift in the noise (Fig. 2E), suggesting that neither synaptic nor extra-
synaptic GABAergic transmission are modified by acute alcohol exposure in the vPAG. As
recent studies have found that the actions of alcohol on dopamine neurons can depend on
intact network function (Guan et al., 2012), we next assessed the ability of alcohol to modify
spontaneous GABAergic transmission (Fig. 3A and B). In these experiments glutamatergic
transmission was blocked, but tetrodotoxin was excluded from the bath solution to allow for
action-potential dependent network activity. We found that a 10-min bath application of 50
mM alcohol (n = 10) significantly (p < 0.05) decreased the amplitude (88.7 ± 15.5% of
baseline, Fig. 3D) of spontaneous inhibitory post-synaptic current (sIPSC), but had no effect
on frequency (87.3 ± 42.2%, Fig. 3C).

Acute alcohol exposure modification of miniature excitatory post-synaptic current in the
vPAG

Having established that acute alcohol exposure had minimal effects on inhibitory inputs to
vPAG-DA neurons, we next examined the impact of acute alcohol exposure on excitatory
glutamatergic synaptic function (Fig. 4A and B). We found that a 10-min bath application of
50 mM alcohol (n = 7) significantly (p = 0.02) increased mEPSC frequency (144.9 ± 17.7%
of baseline, Fig. 4C), but had no effects on amplitude (93.3 ± 4.6% of baseline, Fig. 4D).
Interestingly, this effect did not appear to reverse over the course of the 10-min washout.
Taken together, these results demonstrate that acute alcohol exposure has no effects on
inhibitory inputs, but facilitates excitatory inputs onto vPAG dopamine neurons via a
presynaptic mechanism.

Acute alcohol modification of vPAG dopamine neuron cell firing rate
After finding minimal effects of acute alcohol exposure on inhibitory synaptic inputs, but
finding an increase in excitatory synaptic inputs, we investigated the effects of alcohol on
overall firing rate using the loose cell-attached recording configuration. In these
experiments, we did not block any synaptic transmission, and thus assessed the impact of
alcohol on the circuits that regulate vPAG-DA neuron firing. We found that the average
firing rate of the last 5 min of the 10-min 50 mM alcohol (2.5 ± 0.6 Hz, n = 7, Fig. 5B and
C) bath application is significantly (p = 0.04) higher (32.6 ± 10.1% increase) when
compared to baseline (2.0 ± 0.5 Hz, Fig. 5A). This effect was not reversible with a 15-min
washout, similar to our data in mEPSCs. In addition, alcohol application had no significant
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effects (n = 7, Fig. 5D) on firing rate in the presence of the excitatory AMPA receptor
antagonist NBQX (10 µM). These results suggest that acute alcohol exposure increases the
firing of vPAG-DA neurons via an enhancement of excitatory inputs.

Chronic intermittent alcohol vapor modification of synaptic transmission in the vPAG
Having found that acute alcohol exposure could enhance glutamatergic drive onto vPAG-
DA neurons, we next investigated the effects of chronic intermittent vapor alcohol exposure
on both the mini-inhibitory and mini-excitatory inputs onto vPAG-DA neurons. It has been
previously shown that 2 cycles of chronic intermittent alcohol vapor exposure has both
behavioral and electrophysiological effects. Specifically, mice undergoing this exposure
paradigm exhibit enhanced alcohol-seeking behavior (Becker & Lopez, 2004; Griffin,
Lopez, Yanke, Middaugh, & Becker, 2009), as well as altered plasticity in the BNST
(Silberman, Matthews, & Winder, 2013; Wills et al., 2012), a target of vPAG-DA neurons.
We recorded both mEPSC (Fig. 6A) and mIPSC (Fig. 6B) transmission within the same cell
and compared the frequency, amplitude, and excitatory/inhibitory (E/I) ratio between air-
exposed animals (n = 8) and alcohol-exposed animals (n = 7). Surprisingly, our results
showed no differences in basal frequency (Fig. 6C), amplitude (Fig. 6D), and E/I ratio (Fig.
6E) between control and alcohol groups. In addition, we examined basal cell properties (data
not shown) of both groups and found no difference in membrane capacitance, resistance, and
holding potential. Taken together, these results suggest that two weeks of chronic alcohol
vapor exposure does not alter the basal synaptic properties of vPAG-DA neurons at this time
point.

Discussion
Understanding how alcohol modifies neurochemically defined neurons in distinct brain
regions is crucial to understanding alcohol’s effects on behavior. This study focused on
determining the actions of alcohol on a population of DA neurons in the vPAG that have
been implicated in a wide variety of behaviors. We identified dopamine neurons using the
TH–eGFP transgenic mouse line and found approximately 70% of GFP-positive cells were
co-labeled with TH. While there is a concern for over-reporting, it is also a possibility that
some GFP-positive cells express TH at levels that are too low to be observed through the
immunofluorescent techniques. Further, it is critical to note that a recent paper from the
Ungless group showed similar results (Dougalis et al., 2012). Having confirmed the fidelity
of this reporter, we then characterized vPAG-DA neuron membrane properties.
Interestingly, we observed little to no hyperpolarization-activated currents, similar to what
was observed in a recent study (Dougalis et al., 2012). Historically, researchers have used
the presence of Ih current to identify dopamine neurons in the VTA (Ford, Mark, &
Williams, 2006; Klink, de Kerchoved’Exaerde, Zoli, & Changeux, 2001; Korotkova,
Ponomarenko, Brown, & Haas, 2004; Lammel et al., 2008). While some studies were unable
to establish a consistent relationship between dopaminergic neurons and Ih currents
(Margolis, Lock, Hjelmstad, & Fields, 2006), other studies have suggested that the
magnitude of the Ih current varies with target projection areas, as well as sub-regions of DA
neuron-populated sites (Ford et al., 2006; Lammel et al., 2008). Recent studies have found
dopamine neurons located in the medial portion of the VTA that display small Ih currents
(Hnasko, Hjelmstad, Fields, & Edwards, 2012), similar to our results in vPAG-DA neurons.
Given the physiological and anatomical similarities between these populations of neurons, it
is possible that they play similar roles in alcohol- and stress-related behaviors. Indeed,
preliminary results from our group suggest that similar to the neurons in the medial VTA,
the TH neurons in the vPAG also express vGlut2. Future studies using optogenetic
approaches will more clearly examine this interesting possibility.
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Having characterized the basic properties of vPAG-DA neurons, we next evaluated the
effects of alcohol on synaptic transmission. We found that concentrations of bath-applied
alcohol that had previously been shown to increase GABA release in the VTA, had no effect
on mIPSCs on vPAG-DA neurons. Our result contrasts with previous studies from the VTA
that have demonstrated alcohol can enhance both spontaneous and miniature GABA
transmission (Guan et al., 2012; Theile et al., 2008). The ability of alcohol to enhance
GABA transmission in the VTA, however, appears to depend on the sub-region of the VTA,
with anterior-VTA DA neurons showing an alcohol-induced increase in GABA transmission
and posterior-VTA DA neurons showing a reduction in spontaneous but not miniature
GABA transmission (Guan et al., 2012). Thus, our results demonstrating a lack of alcohol
effects on mIPSCs in the vPAG are similar to posterior-VTA DA neurons. Following this,
we investigated how alcohol might impact extra-synaptic receptors. Curiously, we found
that 50 mM alcohol did not alter the holding current of these neurons, suggesting a lack of
effect on extra-synaptic currents. While we did not see evidence for a modification here, this
could be due to the exquisite sensitivity of extra-synaptic receptors for alcohol. However, in
a series of pilot experiments, we examined the ability of THIP, a compound that can
selectively activate extra-synaptic receptors, to modulate holding current in vPAG-DA
neurons and found no effect, suggesting that these neurons do not express these receptors.
Because of the lack of effect on mini IPSCs and holding current, we investigated the effect
of alcohol on spontaneous IPSCs, as it was shown in the posterior VTA that alcohol
significantly reduced sIPSCs. We found similar results as Guan et al. that alcohol caused a
significant but minimal decrease in spontaneous inhibitory transmission; however, the
decrease in amplitude we observed appears less robust than the effect in the posterior VTA.
This could be due to some differences in effects of alcohol on the surrounding network and
inputs. Taken together, these results suggest that vPAG-DA neurons could be similarly
modified by alcohol as the posterior-VTA DA neurons, and may have a partially
overlapping set of GABA inputs, either from local interneurons or distal projections such as
the BNST and the central amygdala.

We next examined the effects of alcohol on excitatory glutamatergic inputs in vPAG
dopamine neurons. We found that bath application of alcohol increased mEPSC frequency,
with no effect on amplitude, suggesting an increase in glutamate release. Numerous studies
have shown that acute alcohol exposure decreases glutamatergic transmission in many brain
regions implicated in alcohol abuse, such as the central nucleus of the amygdala (CeA)
(Roberto et al., 2004). The ability of acute alcohol exposure to enhance glutamatergic
transmission in the vPAG was strikingly similar to that found in the VTA, where dopamine
signaling mediates the enhancement of glutamatergic input by alcohol (Deng, Li, Zhou, &
Ye, 2008). Our observation of alcohol having minimal inhibitory effects on GABAergic
inputs but an enhancement in glutamatergic transmission led us to investigate alcohol’s
effects on overall firing rate. We found an increase in firing rate upon application of acute
alcohol, with this alcohol effect diminished in the presence of NBQX, suggesting this
increase in firing rate is AMPA receptor dependent. Taken together with our previous data,
we speculate that via these alterations in function, acute alcohol exposure may lead to
increased dopamine release in the terminal regions, such as the BNST. This is interesting, as
DA signaling in the BNST can modulate alcohol-drinking behavior (Eiler et al., 2003; Kash,
2012).

To further investigate the role alcohol plays in modifying vPAG-DA neurons and their target
regions, we examined the synaptic effects of chronic intermittent alcohol vapor exposure for
2 cycles. This paradigm has been shown to enhance the development of long-term
potentiation in the BNST, via modification of the excitatory NMDA receptors extra-
synaptically (Wills et al., 2012), as well as modification of CRF-dependent increase of
sEPSCs in the BNST (Silberman et al., 2013). Given the knowledge that chronic alcohol
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exposure modifies synapses and functions in the BNST, one of the extended amygdala
structures that interact with the vPAG and impact behaviors critical to alcohol addiction, our
findings were surprising. We found no effects of chronic intermittent alcohol exposure on
either the inhibitory or excitatory inputs in the vPAG-DA neurons. Perhaps a more profound
systemic insult than the 2 cycles of intermittent alcohol exposure presented is required to
affect the synaptic functions and to produce a detectable network effect. While considering
the possibility that the 2-cycle vapor alcohol exposure paradigm could impact synaptic
alterations differentially in a strain-dependent manner, it is interesting to note that during
alcohol exposure, the Swiss Webster mice used in these experiments displayed a robust
behavioral alteration toward aggression. Alternatively, it is possible that there are alterations
in transmitter release in downstream regions such as the BNST that would engage CRF
signaling leading to the alterations in function (Silberman et al., 2013). While our study
focused on changes in synaptic transmission, it is also possible that chronic alcohol exposure
is altering expression of neuromodulatory receptors in the BNST. Chronic alcohol exposure
has been shown to alter opioid peptides in the vPAG (Lindholm, Ploj, Franck, & Nylander,
2000), as well as in other brain regions that interact with the vPAG (Chang et al., 2010).
This is interesting, as opioids have been shown to influence alcohol-related behaviors
(Margolis, Fields, Hjelmstad, & Mitchell, 2008; Walker & Koob, 2008; Walker, Zorrilla, &
Koob, 2011). Thus, although a direct network effect was not observed, chronic intermittent
alcohol exposure could have an impact on modulatory peptides in the vPAG and how they
regulate synaptic transmission.

It is currently unclear how alcohol-induced modifications of vPAG-DA neurons alter
behavior. Given the prominent role that the vPAG plays in sleep and pain processing, it is
tempting to speculate that actions of alcohol on this circuit are involved in these processes.
Future studies utilizing optogenetics to probe pathway-defined plasticity, as well as applying
designer receptors exclusively activated by designer drugs (DREADD) to characterize
pathway and cell-type specific modulation will likely shed light on this exciting possibility.

Conclusions
Here, we characterized the cell membrane properties as well as effects of alcohol exposure
on vPAG-DA neurons. Acute alcohol exposure enhanced glutamate inputs and had
inhibitory effects on GABA inputs, resulting in a net increase in firing rate. Chronic
intermittent alcohol vapor exposure had no effects on GABA nor glutamate transmission
onto the vPAG-DA neurons. Taken together, these results add to the growing body of
literature pointing toward discrete effects of alcohol on defined cell types in the brain.
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Fig. 1.
The tyrosine hydroxylase–eGFP transgenic mouse model identifies dopamine neurons via
fluorescence in the vPAG. (A) Immunohistochemistry can be used to label and verify
validity of the reporter via (1) tyrosine hydroxylase fluorescence, (2) eGFP fluorescence,
and (3) the co-localization of eGFP tyrosine hydroxylase in dual-positive cells. No
significant Ih current was observed in vPAG-DA neurons. (B) (1) eGFP and tyrosine
hydroxylase-positive cells can be visualized under a microscope to selectively record from.
Staining showed that the recorded cells loaded with (2) neurobiotin via diffusion from the
patching pipette, are (3) tyrosine hydroxylase positive.
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Fig. 2.
Acute bath-applied alcohol had no effects on mini-inhibitory post-synaptic currents
(mIPSCs) in vPAG-dopamine neurons. (A) Representative mIPSC traces of baseline control
(i) and after 10 min of alcohol wash-on (ii). (B) Acute alcohol had no effects on mIPSC
frequency. (C) Acute alcohol had no effects on mIPSC amplitude. (D) Acute alcohol had no
effects on mIPSC decay. (E) Acute alcohol had no effects on mIPSC noise.
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Fig. 3.
Acute bath-applied alcohol had no effects on spontaneous inhibitory post-synaptic current
(sIPSCs) frequency in vPAG-dopamine neurons. Representative sIPSC traces of (A)
baseline control and (B) after 10 min of alcohol wash-on. (C) Acute alcohol had no effects
on sIPSC frequency. (D) Acute alcohol significantly decreased sIPSC amplitude. * denotes
statistical significance of p value < 0.05.
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Fig. 4.
Acute bath-applied alcohol increased mini-excitatory post-synaptic currents (mEPSCs) in
vPAG-dopamine neurons. (A) Representative mEPSC trace of baseline control. (B)
Representative mEPSC trace after 10 min of alcohol wash-on. (C) Acute alcohol increased
mEPSC frequency. (D) Acute alcohol had no effects on mEPSC amplitude. * denotes
statistical significance of p value < 0.05.
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Fig. 5.
Acute bath-applied alcohol (50 mM) increased firing rate of vPAG-dopamine neurons in a
cell-attached recording configuration. (A) Representative firing rate trace of baseline
control. (B) Representative firing rate trace in the same neuron after 10 min of alcohol wash-
on. (C) Alcohol increased firing rate in vPAG-DA neurons. (D) Alcohol had no significant
effects on firing rate in the presence of NBQX (10 µM). * denotes statistical significance of
p value < 0.05.
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Fig. 6.
Chronic intermittent alcohol vapor exposure did not affect inhibitory and excitatory synaptic
properties. (A) Representative mEPSC trace. (B) Representative mIPSC trace. (C) Chronic
intermittent alcohol had no effects on mini-frequency. (D) Chronic intermittent alcohol had
no effects on mini-amplitude. (E) Chronic intermittent alcohol had no effects on mini-
excitatory/mini-inhibitory transmission ratio.
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