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Abstract

Aims—The FDA approved smoking cessation aid varenicline can effectively attenuate nicotine-
stimulated dopamine release. Varenicline may also exert important actions on other transmitter
systems that also influence nicotine reinforcement or contribute to the drug’s cognitive and
affective side effects. In this study, we determined if varenicline, like nicotine, can stimulate
presynaptic GABA release.

Main methods—Using whole-cell patch-clamp techniques, we measured GABA,R-mediated
asynchronous, spontaneous miniature inhibitory postsynaptic currents (mIPSCs) in acute brain
slices from two brain regions important for learning and memory, the hippocampus and basal
forebrain.

Key findings—Both varenicline (10 wM) and nicotine (10 M) applications alone resulted in
small but significant increases in amplitude, as well as robustly enhanced frequency of mIPSCs in
hippocampal CA1 pyramidal neurons and medial septum /diagonal band (MS/DB) neurons. A
unique subpopulation of MS/DB neurons showed decreases in frequency. In the presence of
nicotine, varenicline effectively attenuated the expected enhancement of hippocampal mIPSC
frequency like a competitive antagonist. However, in the MS/DB, varenicline only partially
attenuated nicotine’s effects. Reversing the order of drug application by adding nicotine to
varenicline-exposed slices had little effect.

Significance—Varenicline, like nicotine, stimulates presynaptic GABA release, and also exerts
a partial agonist action by attenuating nicotine-stimulated release in both the hippocampus and
basal forebrain. These effects could potentially affect cognitive functions
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Introduction

Recently, the FDA approved the cytisine derivative varenicline to treat nicotine addiction
(Faessel et al., 2010; Rollema et al., 2007b). Like nicotine, varenicline stimulates dopamine
release (Rollema et al., 2007b, Pontieri et al., 1996; Quik et al., 2011) but the release is
significantly smaller and longer lasting than that of nicotine, thereby diminishing
reinforcement and craving of nicotine (Coe et al., 2005; Rollema et al., 2007a,b).
Varenicline may also reduce alcohol consumption in humans and animals (McKee et al.,
2009; Steensland et al., 2007), and exerts antidepressant-like effects; thus, varenicline may
become a widely used drug for the treatment of a number of conditions (McKee et al., 2009;
Mineur et al., 2009; Rollema et al., 2009). However, increased suicidality has been reported
for varenicline treatment (Kuehn, 2008) emphasizing the need to better understand potential
side effects.

The hippocampus and basal forebrain are two brain regions important for learning and
memory (Bird and Burgess, 2008; Dwyer et al., 2007; Silvers et al., 2003) where nAChRs
are highly expressed on GABAergic neurons (Azam et al., 2003; Son and Winzer-Serhan,
2008). GABA is the major inhibitory neurotransmitter in forebrain structures, and is critical
for regulation of network activities (Colom et al., 2005; Manns et al., 2001; Sotty et al.,
2003). Nicotine enhances GABA release through activation of presynaptic nicotinic
receptors (Maggi et al., 2001; McClure-Begley et al., 2009; Wonnacott, 1997; Yang et al.,
1996). Whether varenicline shares this action of nicotine is currently unknown. However, it
has been shown that varenicline improves cognitive processes, and this effect could be
related to modulation of presynaptic transmitter release including GABA (McKee et al.,
2009; Mineur et al., 2009; Rollema et al., 2009, Rollema et al., 2011). We hypothesized that
varenicline like nicotine, would also increase GABA transmission in hippocampus and
medial septum / diagonal band (MS/DB).

We examined the effects of varenicline on GABA receptor (GABAaR)-mediated synaptic
transmission by measuring asynchronous, spontaneous miniature inhibitory postsynaptic
currents (mIPSCs) in the basal forebrain and hippocampus. The mIPSCs are a functional and
“real-time” measure of spontaneous presynaptic GABA release which elicits postsynaptic
GABAR mediated currents (Otis and Mody, 1992, Mody et al., 1994), and provide a
sensitive and accurate measurement of changes in GABA release in response to drugs in
brain slices. Using this approach, our findings show that varenicline like nicotine, enhances
the release of GABA in both brain regions. Increased GABAergic synaptic transmission
could possibly play a role in varenicline’s improvement of cognitive processes.

Material and methods

Animal Experiments

All animal procedures were performed in accordance with protocols approved by the Texas
A&M University Institutional Animal Care and Use Committee, and were consistent with
the National Institutes of Health animal care and use policy. All efforts were made to
minimize animal suffering and to reduce the number of animals used. Timed pregnant
Sprague-Dawley rat dams were obtained from Harlan (Indianapolis, IN), and were housed
in an animal care facility at 22-25°C with a 12-h light/dark cycle and ad libitum food and
water. Dams were allowed to give birth and both male and female offspring (postnatal day
(PD) 14-20) were used for experimentation.

Acute Brain Slice Preparation

On the day electrophysiological recordings were to be made, coronal slices containing
hippocampus and MS/DB were prepared using similar techniques to those described
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previously (DuBois et al., 2006a; Lack et al., 2007). Rats (PD 14-20) were decapitated and
brains were rapidly removed and cooled by immersion in 0-4°C artificial cerebral spinal
fluid (ACSF) containing (mM): KCl, 2; MgCl,-6H,0, 1; MgSO4-7H,0, 2; CaCl,, 1;
NaH,POy4, 1.25; NaHCO3, 26; D-Glucose, 14; Sucrose, 206; Kynurenic Acid, 0.8; bubbled
with 95% O, / 5% CO,; pH 7.4; 290-310 mOsm before blocking and cutting 300 m slices
on a Vibra Slice (Campden Instr.) in the same solution. After cutting, slices were transferred
to a holding chamber of oxygenated (95 / 5% O, / CO5) ACSF solution containing (mM):
NaCl, 124; KCI, 3; MgSQOy, 1.5; CaCly, 2.4; NaH,POy, 1.25; D-(+)-glucose, 10; NaHCOs,
26; pH 7.4; 290-310 mOsm, gradually warmed to 32°C and incubated for ~30 min then
allowed to cool to room temperature prior to experimentation. Individual slices were
transferred to a recording chamber, submerged using a slice anchor (Warner Instruments
Corp.) and continuously perfused with the same oxygenated ACSF solution during
recordings and drug applications.

Electrophysiology

Conventional whole-cell patch-clamp recording techniques were used as described
previously (DuBois et al., 2004; DuBois et al., 2006b; Lack et al., 2007). Briefly, patch
pipettes were pulled from glass capillary tubing (KG-33, 1.5 mm, o.d., Garner Glass Co.) on
a Brown and Flaming P-97 pipette puller (Sutter Instr.) to resistances of 2—8 MQ. Pipettes
were filled with solution containing (mM): CsCl, 130; EGTA, 10; MgCl2, 2; HEPES, 10;
Mg-ATP, 4; GTP, 0.1; pH 7.2 with CsOH; 285-310 mosM. Slices were visualized with
Olympus BX50 / 51 WI upright microscopes (40X long working distance water immersion,
differential interference contrast, video enhanced optics). Using whole-cell patch-clamp
electrophysiology, neurons were voltage clamped at —60 mV and recordings were made of
pharmacologically isolated GABA mIPSCs from untreated Sprague-Dawley rats.
Tetrodotoxin (TTX, 0.5 pM) was used to block voltage-gated Na* channels and inhibit
action potential-evoked release of neurotransmitter while D,L-2-amino-5-phosphonovaleric
acid (AP5, 40 pM), and 6,7-dinitroquinoxaline-2,3-dione (DNQX,10 M) were used to
inhibit glutamate-mediated mEPSCs. GABAaR-mediated mIPSCs were defined by
inhibition with bicuculline (30 pM). DL-AP5, bicuculline, DNQX, varenicline and TTX
were purchased from Tocris. Kynurenic acid and (—)-Nicotine hydrogen tartrate salt were
purchased from Sigma.

The order of nicotine and varenicline application was alternated randomly across brain slices
to better understand the pharmacology and partial agonist effects of varenicline. In one
subset of experiments, bath solution containing nicotine (10 M) was initially applied
followed by a nicotine (10 tM) plus varenicline (10 wM) bath solution. For a second subset
of experiments, the order of drug application was reversed with a varenicline (10 pM)
containing bath solution applied first followed by a varenicline (10 M) plus nicotine (10
M) bath solution. Test drug concentrations for both varenicline and nicotine were chosen
based on saturating concentrations used in previous studies (Kawa, 2007; Lester and Dani,
1995; Mihalak et al., 2006; Rollema et al., 2007a; Wu et al., 2003; Zhu et al., 2005). Drugs
were bath applied to brain slices and reached saturation within 2—4 min for cells within ~50—
100 pm of the slice surface. Three to five minute voltage-clamp current recordings of
GABAAR mIPSCs were then collected and digitized with a Multiclamp 700B amplifier
(Axon Inst.), Digidata 1440A interface, and pClamp 10 software (Molecular Devices, LLC).
Capacitance (pF) was read from the potentiometer used to zero capacitance transients. Data
were low-pass filtered (8 pole Bessel, Frequency Devices) at 1-5 kHz and digitized at 0.5~
20 kHz depending on the desired resolution. One randomly sampled neuron per slice was
recorded, and multiple random slices from each animal were utilized. Series resistance was
continually monitored throughout the experiments. All experiments were carried out at room
temperature.
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Miniature Postsynaptic Current Data Analysis and Statistics

Results

Off-line analysis of GABAergic mIPSC kinetic parameters was performed using
Minianalysis 6.03 (Synaptosoft, Inc.), Prism 5 (GraphPad Software, Inc.), and Microsoft
EXCEL as previously described (DuBois et al., 2004; DuBois et al., 2006b; Lack et al.,
2007). The mIPSC characteristics of amplitude, frequency (presented as inter-event intervals
(IED)), and decay time constants were determined and compared. Individual currents =15 pA
could be clearly distinguished above baseline noise in the 3 minute current traces collected
from individual neurons. The event frequency was determined from the mean IEI, while
event peak amplitude was estimated as the absolute difference between the preceding
baseline and maxima of the current. For mIPSC decay analysis, low noise traces and non-
overlapping events were used to generate an ensemble average mIPSC by aligning the rising
phase, and the 10-90% decay phase for each neuron fitted with a biexponential function:
W) = Azexp(-t/'ty) + Azexp(-t/tz) + As where Aj and A; are the fraction of the fast and
slow decay components, respectively, As is the steady-state current, and T, and T, are the
fast and slow time constants, respectively. Previously we found that mIPSC ensemble decay
data for septal neurons under the present conditions gave a significantly better fit with two
time constants relative to a fit with a single time constant (DuBois et al., 2004). The means
and percent change in response to drug application were established for each recorded
neuron, and the results are expressed as mean + S.E.M. percent change from baseline for
each group, with comparisons between groups made using Student’s t-test. Comparisons of
cumulative probability distributions were made using the Kolmogorov-Smirnov (K-S) test.
Results were considered significant if the two-tailed p values were < 0.05.

Varenicline enhances GABAAR mIPSC activity in hippocampal slices

The activation of presynaptic nAChRs enhances the release of a number of
neurotransmitters including GABA (Maggi et al., 2001; McClure-Begley et al., 2009; Yang
etal., 1996). To the best of our knowledge, the effects of varenicline on GABAergic
synaptic transmission in the hippocampus or MS/DB are unknown. Thus, the impact of
varenicline application to brain slice preparations was determined by evaluating spontaneous
GABAR-mediated mIPSCs. GABAergic mIPSC frequency is an index related to
functional synapse number and the rate of presynaptic asynchronous transmitter release
(Cherubini and Conti, 2001; Dunning et al., 1999; Kohara et al., 2007), while mIPSC
amplitude is influenced by factors such as postsynaptic receptor density, synaptic vesicle
GABA content, and dendritic cable properties (Cherubini and Conti, 2001; Mody et al.,
1994; Nusser et al., 1997; Otis and Mody, 1992). We expected that varenicline, like
nicotine, would increase frequency, indicating increased presynaptic GABA release, but
would have little to no effect on mIPSC amplitude.

The effects of bath application of drugs to hippocampal slices were recorded in the CAl
pyramidal layer using whole-cell patch-clamp recordings (Fig 1C, inset). Acute bath
application of varenicline (10 M) alone followed by varenciline + nicotine (10 uM)
enhanced GABAAR mIPSC frequency in CA1 pyramidal neurons, an effect that was
completely blocked by bicuculline which is consistent with GABAaR-mediated mIPSCs
(Fig. 1A). The cumulative probability plot demonstrated a significant leftward shift in the
IEI, indicative of increased frequency after the application of varenicline alone (K-S test,
p<0.001, n = 6 cells) (Fig. 1B). Combined application of varenicline + nicotine further
shifted GABAergic mIPSC IEI values slightly but significantly to the left and thus, further
increased frequency compared to baseline or to varenicline alone (K-S test: varenicline +
nicotine from baseline, p<0.001; and from varenicline alone, p<0.01, n=6 cells) (Fig. 1B).
Application of varenicline and varenicline + nicotine to hippocampal slices significantly
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decreased mean percent of baseline IEI values to 76.2 + 4.8 % and 69.7 + 7.7%, respectively
(Student’s t-test, baseline vs. varenicline, and vs. varenicline + nicotine, p<0.01) (Table 1).
IEI values decreased in 5 out of 6 cells (69.7% nicotine, and 62.2% nicotine + varenicline)
with no change in one cell.

The effects of varenicline and varenicline + nicotine on mIPSC amplitude in hippocampal
slices were small. Based on the cumulative probability distributions, varenicline had no
significant effect on mIPSC amplitude in CA1 pyramidal neurons (K-S test, p>0.05) (Fig.
1C). Varenicline slightly increased the number of events with amplitudes of 20 to 40 pA
(Fig. 1D), which is likely a result of the increase in mIPSC frequency and thus, the number
of events. When nicotine was subsequently applied along with varenicline, there was a
marginal but significant leftward shift in the cumulative probability plots for mIPSC event
amplitudes relative to baseline or varenicline alone (K-S test from baseline, p<0.001;
varenicline alone, p<0.01). Again, the increase in events appeared to be predominantly due
to more events in the 20 to 40 pA range. Consistent with the findings from the K-S tests
showing very little change, the mean values for mIPSC amplitude were not significantly
different from baseline for varenicline alone or varenicline + nicotine (Student’s t-test,

£>0.05).

Varenicline enhances GABAAR mIPSC activity in MS/DB slices

The effects of bath application of drugs to septal slices were recorded in neurons located in
the MS/DB (Fig 2C, inset). In whole-cell recordings of MS/DB neurons, varenicline alone,
when applied first, followed by varenicline + nicotine, enhanced GABAAR mIPSC
frequency which was blocked by bicuculline (Fig. 2A). Varenicline shifted IEI values to the
left (K-S test, varenicline vs. baseline, p<0.001) (Fig. 2B). When varenicline + nicotine were
then applied together, a very small but significant further decrease in IEI from varenicline
alone was observed (K-S test, varenicline + nicotine vs. baseline, p<0.001, vs. varenicline
alone, p<0.01).

Cumulative probability plots demonstrated a significant change in mIPSC amplitude in the
presence of varenicline alone (K-S test from baseline, p<0.001) (Fig. 2C). Co-application of
varenicline + nicotine shifted the probability plots towards larger amplitudes, and thus,
significantly enhanced GABAAR mIPSC amplitude in cells of the MS/DB slices (K-S test
from varenicline + nicotine vs. baseline, p<0.001, vs. varenicline alone, p<0.05). However,
mean mIPSC amplitude values were unaffected in response to varenicline alone or
varenicline + nicotine application (Table 1). The shift towards larger amplitudes shown by
cumulative probability distribution analysis could be partially due to an increase in the
number of events in the 30 to 60 pA range for varenicline and varenicline + nicotine,
compared to baseline (Fig. 2D).

MS/DB neurons showed either pronounced increased or decreased frequency responses to
varenicline unlike hippocampal neurons which predominantly exhibited an increase in
frequency (i.e. smaller 1EI). Because of the variability in response to varenicline and
varenciline + nicotine, the average mean IEI change across all cells resulted in a non-
significant increase to 128.1 £ 21.0 % and 107.7 £ 22.0 % of baseline, respectively, and
thus, no change in the overall population mean frequency for MS/DB neurons (Table 1).
However, evaluation of neurons with more than 10% change in frequency resulted in one
population (6 out of 13 cells) where varenicline application decreased IEI values, and in
another population (5 out of 13 cells) where varenicline substantially increased IEI values,
with mean percent decrease in IEI compared to baseline of 70.3% (Student’s t-test
comparison, p<0.05) and mean percent increase in IEI compared to baseline of 205.4%
(Student’s t-test comparison, p<0.01), respectively. The addition of nicotine to varenicline
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only marginally changed the mean percent change from baseline IEI values in these two cell
population resulting in changes of 64.0%, and 195.3%, respectively.

Nicotine enhances GABAAR mIPSC activity in hippocampal slices

Next, we determined the effects of nicotine alone followed by co-application of nicotine +
varenicline in CA1 pyramidal neurons. Application of nicotine (10 M) and nicotine +
varenicline (10 wM) to hippocampal slices increased the occurrence of spontaneous
inhibitory events, which were completely blocked by bicuculline (30 nM) (Fig 3A).
Cumulative probability plots for IEI indicated that application of nicotine resulted in a
significant and robust leftward shift for IEI for GABAAR mIPSCs in CA1 pyramidal
neurons (K-S test, p<0.001; n = 10 cells) (Fig 3B). The addition of varenicline to nicotine
significantly reduced frequency, which almost returned to baseline levels (K-S test
varenicline + nicotine from nicotine alone, p<0.001). However, although the change was
small, 1EI values for the combined varenicline + nicotine treatment were still significantly
different from baseline (p<0.01).

Cumulative probability plots for amplitude indicated that nicotine resulted in an increase in
GABAAR mIPSC amplitude in CA1 pyramidal neurons as well, indicated by a small but
significant rightward shift for amplitude (K-S test, p<0.01) (Fig 3C). Most changes in
mIPSC amplitude with nicotine were seen as an increase in the number of mIPCS events
with amplitudes ranging from 20 to 50 pA (Fig 3D). When varenicline was co-applied with
nicotine, mIPSC amplitude was significantly decreased compared to nicotine alone,
returning to near baseline levels (K-S test from baseline, p>0.05, from nicotine alone
p<0.01). However, small increases in the number of events were still apparent in the 20 to
50 pA range when varenicline was present (Fig 3D).

Mean values for percent change from baseline demonstrated that nicotine and nicotine +
varenicline decreased mean IEI values to 80.4 + 7.4% and 84.3 £ 7.0 of baseline,
respectively (Student’s t-test, p<0.05) (Table 1). Nicotine applied alone resulted in
decreased IEI in 6 out of 10 and no change (x 7% of baseline) in 4 cells. The addition of
varenicline had the same effect (6 out of 10), although, in a few cells, a switch from “no
change” to “decreased” (two cells) or vise versa (two cells) was observed. An increase in IEI
was not detected with any drug treatment. In contrast, application of nicotine or nicotine +
varenicline did not change percent mean GABAergic mIPSC amplitude values (nicotine:
100.82%, nicotine + varenicline: 104.76%; Student’s t-test, p>0.05).

Nicotine enhances GABAAR mIPSC activity in MS/DB slices

Application of nicotine and nicotine + varenicline increased the number of spontaneous
inhibitory events, which were completely blocked by bicuculline (Fig 4A). When nicotine
was applied to slices, the cumulative probability plot for IEI demonstrated a significant
leftward shift (K-S test, p<0.001; n = 9 cells) (Fig 4B). The addition of varenicline
significantly increased IEI, and thus, decreased mIPSC frequency, compared to nicotine
alone but did not completely block the action of nicotine (K-S test from baseline, p<0.001,
from nicotine alone, p<0.001).

Cumulative probability plots for amplitude demonstrated a significant difference from
baseline after nicotine application (K-S test, p<0.001; n = 9 cells) (Fig 4C). Nicotine
especially enhanced the number of events with amplitudes of 20 pA and higher, consistent
with an increase in frequency (Fig 4D). When varenicline was added in addition to nicotine,
the enhancement of mIPSC amplitude was significantly smaller compared to nicotine alone,
but amplitude values for nicotine + varenicline were still significantly different from
baseline (K-S test nicotine + varenicline vs. baseline, p<0.001, vs. nicotine alone, p>0.05).
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Residual increases in the number of mIPCS were most apparent where amplitudes ranged
from approximately 30 to 60 pA.

Application of nicotine and nicotine + varenicline to MS/DB slices decreased mean IEI
values to 74.8 + 13.3% and 88.4 + 11.8% of baseline, respectively (Table 1). However,
mean percent of baseline mIPSC IEI values only trended toward significance (Student’s t-
test, baseline vs. nicotine alone, p=0.08). Nicotine application to MS/DB slices decreased
mean IEI values in 6 out of 9 cells (52.8%) when compared to baseline IEI values, and no
change was detected in three cells. After addition of varenicline to nicotine, only 3 out of 9
cells exhibited decreased IEI (49.2%), but now 3 out of 9 cells exhibited an increase in mean
IEI (117.5%). Nicotine increased mean values of amplitude in 5 out of 9 cells, and resulted
in no change in 4 cells, causing a slight overall increase in mean percent amplitude of 114.6
% over baseline (Student’s t-test, baseline vs. nicotine, p=0.046). The addition of varenicline
to nicotine resulted in percent mean amplitude of 118.8% with 5 out of 9 cells exhibiting an
increase greater than 10% (Student’s t-test, baseline vs. nicotine plus varenicline, p=0.068).

Effects of varenicline and nicotine on decay kinetics in hippocampal and MS/DB slices

The analysis of GABAAR-mediated mIPSC decay kinetics of t1 and <, values for nicotine
or varenicline application alone or in combination, revealed little effect on either t; or to
values. Only varenicline applied alone to CA1 pyramidal neurons resulted in significantly
enhanced GABAAR mIPSC raw T, values above baseline levels (Student’s t-test
comparison, t, (ms); baseline = 36.8 + 3.8, varenicline = 50.1 + 3.8; p<0.05). All other
combinations of T values were not significantly different.

Discussion

In this study, we demonstrated that varenicline, similar to nicotine, stimulated GABA
release and enhanced GABAergic synaptic transmission both in CA1 pyramidal and MS/DB
neurons, in an action potential-independent manner. These results, extend findings from
previous studies with the partial nicotinic agonist varenicline which demonstrated regulation
of presynaptic dopamine release which is important for smoking cessation (Coe et al., 2005;
Faessel et al., 2010; Rollema et al., 2007a; Rollema et al., 2007b). Both varenicline and
nicotine increased mIPSC frequency, a measure of presynaptic GABA release, when bath
applied to hippocampal and MS/DB slices, suggesting localized presynaptic nAChR
activation on GABAergic terminals.

Effects of varenicline and nicotine on mIPSCs in the hippocampus

In this study, we focused on action potential-independent, spontaneous postsynaptic mIPSCs
as a measure of presynaptic GABA release. The results confirmed that varenicline or
nicotine both significantly increase the frequency of postsynaptic GABAaR-mediated
mIPSCs in CA1 pyramidal cells, consistent with the interpretation that activation of
presynaptic NAChRs enhances vesicular GABA release from inhibitory terminals in CAl
pyramidal cell layer. The mean increase in frequency was similar for both drugs, suggesting
that varenicline was acting like an agonist, similar to nicotine, when applied alone.
Interestingly, the addition of nicotine to varenicline did not have any further effect on
varenicline-induced responses which is consistent with the fact that varenicline has a higher
affinity than nicotine for nAChRs (Coe et al., 2005; Ortiz et al., 2012; Rollema et al.,
2007a). Thus, at equimolar concentrations, nicotine should not out compete and displace
binding of varenicline to neuronal nAChRs, and therefore, leaves responses to varenicline
unchanged. In contrast, the nicotine-induced increase in mIPSC frequency returned to near
baseline levels after adding varenicline, significantly reducing nicotine’s effects. In this
case, varenicline acted like an antagonist blocking nicotine’s action on nAChR-facilitated
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GABA release. Thus, in the hippocampus, varenicline seems to act like an agonist when
used alone but like an antagonist of nicotine depending on the order in which the drugs were
applied to the slices. It is not immediately clear why varenicline would effectively
antagonize nicotine’s effect at presynaptic nAChRs on GABAergic terminals but also have
significant agonistic properties when tested alone. Most likely, nicotine and varenicline are
acting on heteromeric nAChRs which have been strongly implicated in presynaptic GABA
release (McClure-Begley et al., 2009). These heteromeric nAChRs can undergo
conformational changes resulting in receptor desensitization (Wu and Lukas, 2011). Perhaps
the co-application of nicotine plus varenicline favored the desensitized state.

In addition to increasing the frequency of mIPSCs, the very sensitive K-S test analysis
indicated that varenicline and nicotine also caused small increases in amplitude, although,
mean values were unaffected. When the distribution pattern of mIPSC amplitudes was
compared in the hippocampus, it was evident that varenicline and nicotine mostly induced
an increase in the number of mIPSCs with smaller amplitudes which is consistent with an
increase in the number of mIPSC events, and probably does not reflect changes occurring on
the postsynaptic side.

Effects of varenicline and nicotine on mIPSCs in the medial septum / diagonal band

In this study we show that both nicotine and varenicline enhance presynaptic GABA release
in neurons located in the MS/DB. The majority of neurons responded with an increase in
mIPSCs frequency and a small increase in amplitude, after bath application of varenicline or
nicotine. This is consistent with the conclusion that most neurons in the MS/DB are
innervated by GABAergic neurons that also express presynaptic NAChRs which facilitate
presynaptic GABA release. However, the nAChR-mediated GABA release in the MS/DB is
less well characterized than in hippocampus. Several studies using electrophysiological
methods demonstrated fast somatic nicotinic responses on GABAergic neurons located in
the MS/DB (Thinschmidt et al., 2005, Henderson et al., 2005; Wu et al., 2003). Other
studies have demonstrated functional presynaptic nAChRs on GABAergic terminals in MS/
DB; and their activation resulted in increased GABA release (Yang et al., 1996). Our results
extend these findings by demonstrating a direct action of nicotine and varenicline on
presynaptic NAChRs located on GABA-releasing terminals in the absence of action
potentials.

In the basal forebrain, varenicline significantly increased mIPSC frequency acting like a
nicotinic agonist, and the addition of nicotine had little effect on varenicline-induced
responses similar to the findings in the hippocampus. However, in contrast to the
hippocampus where varenicline mostly increased neuronal frequency, in the basal forebrain,
varenicline decreased IEI, and thus increased mIPSC frequency, in 6 out of 13 neurons, but
in a significant number of neurons (5 out of 13), varenicline application resulted in a drastic
decrease in frequency (Table 1). In contrast, when nicotine was applied to basal forebrain
neurons, 6 out of 9 cells responded with an increase in frequency, and in the remaining
neurons, nicotine caused no change. This difference in response profile between varenicline
and nicotine might reflect their interaction with different NAChRs subtypes located on
presynaptic GABAergic terminals that innervate neurons in the MS/DB (Henderson et al.,
2005). As in the hippocampus, nicotine application significantly increased frequency of
mIPSCs in neurons of the MS/DB. However, in contrast to the hippocampus, the addition of
varenicline reduced nicotine’s effect but the response remained significantly above baseline,
which would be expected for a partial agonist with higher affinity for nAChRs than nicotine
(Coe et al., 2005; Rollema et al., 2007a). Thus, varenicline differentially affected nicotine-
stimulated increases in mIPSC frequency; antagonizing the effects of nicotine in
hippocampal pyramidal neurons, but only partially antagonizing nicotine’s effects in basal
forebrain neurons.
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Conclusion

To date, most of the studies on varenicline have focused on its effects on DA release in the
mesolimbic system, due to its effective use as a smoking cessation aid (Coe et al., 2005;
Reperant et al., 2010). However, varenicline taken for smoking cessation will also assert its
effects on other brain areas and affect other neurotransmitter systems that express pre- and
postsynaptic NAChRs. As demonstrated in this study, varenicline increases GABA release in
basal forebrain and hippocampus, thus, acting also in other brain areas and neurotransmitter
systems. The functional profile of varenicline seems to be more complex than that of
nicotine. Based on our results, varenicline could have agonistic and antagonistic properties
on transmitter release in cortical structures, which could also change release of other
endogenous transmitters such as acetylcholine and glutamate, and therefore, alter mood and
cognitive performance.
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Figure 1.

Effects of varenicline and varenicline plus nicotine on mIPSCs in hippocampal CA1
pyramidal neurons. A. Representative traces from a CA1 pyramidal neuron featuring
varenicline’s increase in GABA release and nicotine’s further enhancement of GABA
release measured as mIPSC frequency. GABAAR mIPSCs were isolated using TTX, APV,
and DNQX. B. Cumulative probability plots of varenicline and nicotine’s effects on
GABAAR mIPSC IEI from CAL pyramidal neurons (n = 6 cells; number of events over 3
min: baseline = 1967, varenicline = 2137, varenicline + nicotine = 2763). C. Cumulative
probability plot of varenicline and nicotine’s effects on GABAAR mIPSC amplitude from
CAL pyramidal neurons. (inset) Image of a slice from hippocampus featuring CA1
pyramidal neurons with attached patch pipette, scale bar = 10 um. D. Histogram of mIPSC
amplitudes (10 pA bins). Color code: baseline = blue, varenicline = purple, nicotine plus
varenicline = green. For clarity, histograms were fit with Gaussian curves expressed as
colored lines for the respective drug applications.
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Figure 2.

Effects of varenicline and varenicline plus nicotine on mIPSCs in MS/DB neurons.A.
Representative traces from a MS/DB pyramidal neuron featuring varenicline’s increase in
GABA release and nicotine’s further enhancement of GABA release measured as mIPSC

frequency. B. Cumulative probability plots of varenicli

ne and nicotine’s effects on

GABAAR mIPSC IEI from MS/DB neurons (n = 11-13 cells; number of events over 3 min:
baseline = 3267, varenicline = 3864, varenicline + nicotine = 3659). C. Cumulative
probability plots of varenicline and nicotine’s effects on GABAAR mIPSC amplitude from
MS/DB neurons. (inset) Image of a basal forebrain slice featuring a bi-polar medial septum

neuron with attached patch pipette, scale bar = 10 pm.

D. Histograms and Gaussian curves

of mIPSC amplitudes (10 pA bins). Color code: baseline = blue, varenicline = purple,

nicotine plus varenicline = green.
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Effects of nicotine and nicotine plus varenicline on mIPSCs in hippocampal CA1 pyramidal
neurons. A. Representative traces from a CA1 pyramidal neuron featuring nicotine’s
increase in GABA release and varenicline’s subsequent reduction in GABA release
measured as mIPSC frequency. B. Cumulative probability plots of nicotine and varenicline’s
effects on GABAAR mIPSC IEI from CA1 pyramidal neurons (n = 10 cells; number of
events over 3 min: baseline = 3069, nicotine = 4430, nicotine + varenicline = 3584). C.
Cumulative probability plots of nicotine and varenicline’s effects on GABAAR mIPSC
amplitude from CA1 pyramidal neurons. D. Histograms and Gaussian curves of mIPSC
amplitudes (10 pA bins). Color code: baseline (blue), nicotine (black), nicotine plus

varenicline (red).
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Effects of nicotine and nicotine plus varenicline on mIPSCs in MS/DB neurons.
A.Representative traces from a MS/DB neuron featuring nicotine’s increase in GABA

release and varenicline’s subsequent reduction in GABA

release measured as mIPSC

frequency. B. Cumulative probability plots of nicotine and varenicline’s effects on

GABAAR mIPSC IEI from MS/DB neurons (n = 9 cells;

number of events over 3 min:

baseline = 1688, nicotine = 3155, nicotine + varenicline = 2129). C. Cumulative probability

plot of nicotine and varenicline’s effects on GABAAR ml

PSC amplitude from MS/DB

neurons. D. Histograms and Gaussian curves of mIPSC amplitudes (10 pA bins). Color

code: baseline = blue, nicotine = black, nicotine plus vare
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Table 1

Drug-induced changes in mean GABAAR mIPSC inter-event interval
The population mean + SEM values of GABAAR mIPSC IEI are expressed as % of baseline (100%) after the

addition of the drug(s). The percent of baseline in response to drug application was calculated for each
individual neuron, and averaged for the number of cells recorded from (n).

CA1 Pyramidal neurons M S/DB neurons
Drugsapplied to slices (10 uM) # of cells(n) # of cells (n)
Mean |El (% of baseline) Mean |El (% of baseline)
* 128.1 £ 21.0%
Varenicline 76.2 i 4.8% 6 Decreased: 6/13 (70.3%) 13
Decreased: 5/6 (75.5%) Increased: 5/13 (205.4%)
* 107.4 £ 22.0%
Varenicline + Nicotine 69.7£7.7% 6 Decreased: 6/11 (64.0%) 11
Decreased: 5/6 (62.2%) Increased: 3/11 (195.3%)
. 80.4 +7.4% 74.8 +13.3%
Nicotine Decreased: 6/10 (69.2%) 10 Decreased: 6/9 (52.8%) o
* 88.4+11.8%
Nicotine + Varenicline 84-3_1 7.0% 0 10 Decreased: 3/9 (49.2) 9
Decreased: 6/10 (73.0%) Increased: 3/9 (117.5%)

*

indicates significance (p>0.05, Student’s t-test). The number of cells responding with a decrease in IEI (increased frequency) or an increase in IEI
(decrease in frequency) and their % of baseline values are listed underneath the mean population change. A change of less than £10% from
baseline was considered as no change.

Life Sci. Author manuscript; available in PMC 2014 March 14.



