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Abstract
One approach to treatment of negative cognitive effects associated with Alzheimer's disease and
schizophrenia may involve activation of neuronal α7 nicotinic acetylcholine receptors (nAChRs).
We used the α7-selective partial agonist 3-(4-hydroxy, 2-methoxy-benzylidene)anabaseine (4OH-
GTS-21), the α7 modulator 5-hydroxyindole (5-HI), and recombinant adeno-associated virus
(rAAV)–mediated α7 gene transfer in order to test the hypothesis whether combining these strategies
would significantly increase indirect measures of α7 nAChR function, including measures of
spontaneous synaptic events in CA1 pyramidal cells. 5-HI (1mM), and 5-HI (1 mM) + 4OH-GTS-21
(5 μM) increased the frequency of APV- and NBQX- sensitive currents, while 5-HI + 4OH-GTS-21
increased the frequency and amplitude of bicuculline-sensitive currents. Effects on EPSCs were
blocked with tetrodotoxin (TTX) (1 μM), but not by methyllycaconitine (MLA) (50 nM). Neither
TTX nor MLA reduced the potentiation of IPSC frequencies. However, TTX blocked, and in some
cases MLA reduced, the potentiation of IPSC amplitudes. These data suggest that effects of 5-HI +
4OH-GTS-21 on EPSC frequency were associated with action potential-dependent transmitter
release produced by 5HI, and that potentiation of IPSC amplitudes resulted at least in part, from
activation of α7 nAChRs. Finally, rAAV–mediated α7 gene transfer did not alter the magnitude of
effects produced by 5-HI or 5-HI + 4OH-GTS-21. Thus, although we previously showed direct
measures of α7 nAChR function were enhanced by α7 gene transfer, indirect measures of α7 nAChRs
function were not significantly enhanced by combining α7 gene transfer with either agonist activation
or positive allosteric modulation of α7 nAChRs.
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1. INTRODUCTION
Nicotinic acetylcholine receptors (nAChRs) containing the α7 subunit are expressed at high
levels in the hippocampus. Unlike the high affinity nicotine-binding receptors of the brain, they
can be activated by both acetylcholine and its precursor choline, but they display rapid
desensitization to high concentrations of agonist, and are selectively blocked by
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methyllycaconitine (MLA) and α-bungarotoxin. Responses mediated by α7 receptors can be
readily detected by agonist applications to the cell bodies of hippocampal interneurons, and
indirect measurements have suggested that they also function in the dendrites of hippocampal
pyramidal cells (Ji and Dani, 2000). Disruption of α7 nAChR function has been implicated in
Alzheimer's disease (AD) and schizophrenia (Court et al., 1999; Freedman et al., 1997; Guan
et al., 2000), leading to their recognition as potentially important therapeutic targets for the
treatment of these conditions. Because of their high permeability to calcium (Seguela et al.,
1993), it is likely that α7 nAChRs modulate the release of many neurotransmitters at a variety
of synapses. Activation of α7 nAChRs can modulate the release of GABA (Alkondon et al.,
1997; Wanaverbecq et al., 2007), glutamate (Gray et al., 1996; McGehee et al., 1995),
dopamine (Schilstrom et al., 1998), and noradrenaline (Li et al., 1998). Also, it has been shown
that α7 nAChRs regulate the excitability of CA1 pyramidal cells (Dani, 2000) and dentate
granule cells (Frazier et al., 2003).

Several strategies are available for increasing α7 nAChR function including agonist activation,
allosteric modulation, and α7 nAChR gene delivery. Agonist activation of α7 nAChRs has
been demonstrated with the compound 3-(2,4 dimethoxybenzylidene)anabaseine (GTS-21 or
DMXB), a selective partial agonist for rat α7 nAChRs. GTS-21 improves memory-related
behaviors in aged rats (Arendash et al., 1995), aged rabbits (Woodruff-Pak et al., 1994),
nonhuman primates (Briggs et al., 1997), and nucleus-basalis lesioned rats (Meyer et al.,
1998a). Although GTS-21 has a lower efficacy for human α7 nAChRs than for rat α7 nAChR,
its primary human metabolite, 3-(4-hydroxy, 2-methoxy-benzylidene)anabaseine (4OH-
GTS-21) exhibits greater efficacy than GTS-21 for both rat and human α7 nAChRs, and
compared to GTS-21, produces a better equilibrium between activation and agonist-dependent
inhibition and/or desensitization (Meyer et al., 1998b). Consequently, 4OH-GTS-21 may cause
more receptor activation over extended intervals than other agonists which may induce greater
inhibition. Also, like GTS-21, 4OH-GTS-21 produces positive cognitive and cytoprotective
effects in rats (Ren et al., 2007a) and 4OH-GTS-21 has been shown to be able to increase
spontaneous firing rates in α7-expressing neurons (Uteshev et al., 2003).

Agonist activation of α7 receptors may be complicated in the treatment of AD by several
factors. For example, there are reductions in hippocampal cholinergic innervation (Mesulam,
2004; Mufson et al., 2003), and α7 receptor function is reduced in animal models of cholinergic
hypofunction (Thinschmidt et al., 2005). Also, there is an increase in astrocytic
neurotransmitter receptor expression in AD (Teaktong et al., 2003). Thus, it may be practical
to pursue alternative treatments such as gene therapy for AD. Accordingly, we recently reported
(Ren et al., 2007b) a technique to elevate α7 nAChRs in a neuron-selective manner using
recombinant adeno-associated virus (rAAV)-mediated delivery of α7 nAChR transgene
directly into the hippocampus. We found this resulted in an increase in [3H]MLA binding in
wild-type and α7-receptor knockout (KO) mice, functional α7 receptors in α7 KO mice,
substantial increases in the magnitude of ACh-evoked currents in stratum radiatum
interneurons, and improved acquisition performance in the Morris water task (Ren et al.,
2007b).

Known positive modulators of α7 nAChR include ivermectin (Krause et al., 1998), galantamine
(Santos et al., 2002), PNU-120596 (Hurst et al., 2005), TQS (4,5,9b-tetrahydro-3-H-cyclopenta
[c] quinoline-8-sulfonic acid amide) (Gronlien et al., 2007), and 5-hydroxyindole (5-HI)
(Gurley et al., 2000; Zwart et al., 2002). However, 5-HI also produces a number of other
physiological effects. For example, in the hippocampus 5-HI increases glutamate release, the
amplitude of population spikes, and the amplitude of evoked excitatory and inhibitory
postsynaptic potentials (Mannaioni et al., 2003). Also, 5-HI increases the frequency and
amplitude of spontaneous GABAergic inhibitory postsynaptic currents (IPSCs) (Mannaioni et
al., 2003; Mok and Kew, 2006). Thus, 5-HI is an effective positive allosteric modulator of α7
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nAChRs that facilitates the output of both excitatory and inhibitory neurotransmission,
although it is unclear from previous studies if all of the effects reported for 5-HI arise strictly
from the positive modulation of α7 nAChRs.

In the present report we combined 4OH-GTS-21 treatment, expected to produce direct
activation of α7 nAChRs, with allosteric modulation of α7 nAChRs using 5-HI, and rAAV–
mediated α7 nAChR gene transfer in order to test the hypothesis that combining these strategies
would produce increases in several potential sequella of increased α7 nAChR function,
specifically the frequency and amplitude of spontaneous synaptic events in hippocampal CA1
pyramidal cells. We also tested the hypothesis that increasing the function and number of α7
nAChRs through α7 gene transfer would increase the magnitude of effects produced by bath
application of 5-HI, 4OH-GTS-21, and 5-HI + 4OH-GTS-21. Additionally, we compared the
frequency and amplitude of spontaneous synaptic events in stratum radiatum interneurons from
normal animals and animals that received α7 gene transfer.

2. RESULTS
Pharmacological identification of spontaneous synaptic currents in CA1 pyramidal cells

In order to determine the pharmacological identity of spontaneous synaptic currents in CA1
pyramidal cells under our experimental conditions, we measured the effects of bath application
of μM NBQX & 40 μM 2-amino-5-phosphonopentanoic acid (APV) on inward currents
recorded at −60 mV (putative excitatory postsynaptic currents (EPSCs)) using a K+ based
internal solution (Figure 1A). The effects of 30 μM bicuculline methiodide on outward currents
were recorded at 0 mV (putative inhibitory postsynaptic currents (IPSCs)) using a Cs-based
internal solution (Figure 1B). The spontaneous inward currents recorded under basal conditions
were completely eliminated following bath application of NBQX and APV, confirming that
these currents were EPSCs mediated by AMPA and or NMDA receptors. Likewise, the putative
spontaneous IPSCs recorded under basal conditions were completely eliminated following bath
application of bicuculline methiodide, indicating these currents were mediated by GABA-A
receptors.

Drug effects on spontaneous EPSCs in CA1 pyramidal cells from normal animals
5-HI (1 mM) and 5-HI (1 mM) + 4OH-GTS-21 (5 μM) produced a significant increase in the
frequency of EPSCs (Figure 2A, Figure 3A, Table 1). In contrast, when applied alone, 4OH-
GTS-21 (5 μM) had no significant effects on the frequency or amplitude of spontaneous EPSCs
(Figure 2B, Table 1). The increased frequency produced by 5-HI + 4OH-GTS-21 was reduced
by application of tetrodotoxin (TTX) (1 μM) (Figure 2A). There was no effect of 5-HI + 4OH–
GTS-21 on the amplitude of EPSCs (Figure 2B, Table 1), but EPSC amplitudes were
significantly (p < 0.01) reduced when application of 5-HI + 4OH-GTS-21 was followed by
TTX (Figure 2B, Table 1).

Drug effects on spontaneous EPSCs in CA1 pyramidal cells from animals that received α7
gene transfer

As seen in cells from normal animals, 5-HI (1 mM) and 5-HI (1 mM) + 4OH–GTS-21 (5 μM)
both increased the frequency of EPSCs (Figure 4A, Table 1) following α7 gene transfer. The
effects produced by 5-HI were not reversed with bath application of methyllycaconitine (MLA)
50 nM, as shown in Figure 4A and Table 1. When applied alone, 4OH-GTS-21 produced no
significant effect on the frequency of EPSCs (Figure 4A, Table 1), and there was no significant
effect of 5-HI, 4OH-GTS-21, 5-HI + 4OH-GTS-21, or 5-HI + MLA on the amplitudes of
spontaneous EPSCs (Figure 4B, Table 1).
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Drug effects on spontaneous IPSCs in CA1 pyramidal cells from normal animals
When applied alone, 4OH–GTS-21(5 μM) produced no significant change in the frequency or
amplitude of IPSCs (Figure 5A,B, Table 2). In contrast, 5-HI (1 mM) + 4OH–GTS-21 (5 μM)
increased the frequency and amplitude of IPSCs (Figure 5A-B, Table 2). TTX (1 μM) and
MLA blocked the increase in amplitude (Figure 5B) but did not affect the increase in frequency
(Figure 5A). Although in the presence of 5-HI + 4OH–GTS-21, the mean amplitude of IPSCs
was 45.2 ± 7.9 pA, it should be noted that in some cases very large outward currents were
recorded. These currents measured in excess of 1 nA but nevertheless were blocked with
picrotoxin and bicuculline methiodide (data not shown). The increase in the frequency of IPSCs
was not blocked by either TTX or MLA (Figure 5A).

Drug effects on spontaneous IPSCs in CA1 pyramidal cells from animals that received α7
gene transfer

5-HI + 4OH–GTS-21 produced a significant increase in the amplitude and frequency of IPSCs
(Figure 6A,B, Figure 3B, Table 2). These effects were not reversed with bath application of
MLA (50 nM) (Figure 6A,B). In contrast, when applied alone, 4OH–GTS-21(5 μM) produced
no change in the frequency or amplitude of IPSCs (Figure 6A,B, Table 2).

Comparison of drug effects on spontaneous synaptic events in CA1 pyramidal cells from
normal animals and animals that received α7 gene transfer

The magnitude of increases in frequency and amplitude produced by bath application of 5-HI
and 5-HI + 4OH-GTS-21 reported above were not significantly different in cells from animals
that received α7 gene transfer compared to cells from normal animals. Also, we found no
significant difference in the baseline frequency or amplitude of EPSCs or IPSCs following
α7 gene transfer, and no effects of MLA when applied alone (data not shown).

Comparison of the frequency and amplitude of spontaneous synaptic events in stratum
radiatum interneurons from normal animals and animals that received α7 gene transfer

There was no significant difference in the frequency or amplitude of EPSCs or IPSCs in stratum
radiatum interneurons following α7 gene transfer (data not shown). In stratum radiatum
interneurons with α7 gene transfer (n = 8) the frequency of EPSCs was 1.8 ± 0.9 Hz, and in
control cells (n = 9) it was 1.3 ± 0.4 Hz . The amplitude of spontaneous EPSCs in GFP+ stratum
radiatum interneurons following α7 gene transfer was 15.0 ± 1.4 pA, and in control cells it was
13.2 ± 1.0 pA. The frequency of IPSCs in stratum radiatum interneurons with α7 gene transfer
(n = 9) was 12.4 ± 1.1 Hz, and in control cells (n = 9) it was 13.4 ± 2.2 Hz. The amplitude of
IPSCs was 24.7 ± 2.5 pA in control cells and 21.0 ± 2.7 pA in stratum radiatum interneurons
with α7 gene transfer.

3. DISCUSSION
In the present report, 5-HI and 5-HI + 4OH-GTS-21 significantly increased the frequency of
spontaneous APV- and NBQX- sensitive EPSCs. Also, 5-HI + 4OH-GTS-21 significantly
increased the frequency and amplitude of spontaneous bicuculline-sensitive IPSCs, although
4OH-GTS-21 produced no significant effect when applied alone. The 5HI + 4OH-GTS-21
induced increase in EPSC frequency was blocked by TTX, but 5-HI induced effects were not
blocked by application of MLA. In contrast, the 5-HI + 4OH-GTS-21 increase in IPSC
frequency was not blocked or reduced by application of TTX or MLA, but 5-HI + 4OH-GTS-21
mediated increases in IPSC amplitudes were blocked by TTX and reduced by MLA in normal
animals. In cells from α7 gene transfer animals, however, MLA was not effective in reducing
increases in IPSC amplitudes. Finally, α7 gene transfer did not alter the magnitude of effects
produced by 5-HI or 5-HI + 4OH-GTS-21, and did not affect the baseline frequency or
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amplitude of synaptic events in stratum radiatum interneurons. Thus, indirect measures of α7
nAChR function were not significantly enhanced by combining α7 gene transfer with either
agonist activation or positive allosteric modulation of α7 nAChRs.

When applied alone, or combined with 4OH-GTS-21, 5-HI increased the frequency of EPSCs.
Because there was no frequency or amplitude increase produced with the selective α7 agonist
4OH-GTS-21, and no significant difference between the magnitude of increases produced by
5-HI when applied alone and with 4OH-GTS-21 (5-HI + 4OH-GTS-21), it appears the effects
of 5-HI + 4OH-GTS-21 resulted from the actions of 5-HI alone. Since the 5HI + 4OH-GTS-21
mediated increase in EPSC frequency was blocked with TTX but unchanged by MLA, our data
suggest these effects were not mediated by direct activation of α7 nAChRs, but rather by
increases in action potential-dependent transmitter release. This is consistent with studies that
have shown 5-HI mediated increases in glutamate release, the amplitude of population spikes,
and the amplitude of evoked excitatory postsynaptic potentials in the hippocampus (Mannaioni
et al., 2003). However, to our knowledge, this is the first report showing that 5-HI potentiates
the frequency of spontaneous EPSCs in CA1 pyramidal cells.

Our results are also consistent with studies showing that 5-HI increases the frequency and
amplitude of spontaneous GABAergic inhibitory postsynaptic currents (IPSCs) (Mannaioni et
al., 2003; Mok and Kew, 2006). Because TTX did not reduce the 5-HI + 4OH-GTS-21 mediated
frequency increase in IPSCs (Figure 5A), our results suggest that 5-HI + 4OH-GTS-21 may
have increased IPSC frequencies through mechanisms not related to action potential-dependent
transmitter release, perhaps ones related to cell excitability, even though we measured no
significant changes in holding currents measured at the cell body. Because TTX did not reduce
the 5-HI + 4OH-GTS-21 mediated frequency increase in IPSCs (Figure 5A), increased IPSC
frequencies in response to 5-HI + 4OH-GTS-21 are not related to action potential-dependent
transmitter release, and the absence of significant changes in holding currents measured at the
cell body (data not shown) make it unlikely that cell excitability was altered. Further, because
TTX blocked, and MLA reduced the 5HI + 4OH-GTS-21 mediated increase in IPSC amplitudes
(Figure 5B), this effect likely involves both activation of α7 nAChRs and increases in action
potential-dependent GABA release. Curiously however, MLA did not significantly reduce the
5HI + 4OH-GTS-21 potentiation of IPCS amplitudes in cells from animals that received α7
gene transfer. Any number of functional changes or potential changes involving synaptic
architecture resulting from gene transfer could have produced this difference.

With the exception of a reduction in the potentiation of IPSC amplitudes mentioned above,
none of the effects of 5-HI or 5-HI + 4OH-GTS-21 were reversed or completely blocked by
MLA. In this regard, our findings are consistent with Mannaioni et al. 2003, who showed that
5-HI potentiation of IPSCs in CA1 pyramidal cells was not sensitive to preincubation with
MLA. In contrast, Mok and Kew 2006 showed that 5-HI potentiation of IPSCs in stratum
radiatum interneurons was occluded by pretreatment with MLA, TTX, and nicotine
(hypothesized to desensitize receptors). Taken together, our results and those of Mannaioni et
al. 2003 and Mok and Kew 2006 demonstrate 5-HI facilitates both excitatory and inhibitory
neurotransmission. Further, they show that while the 5-HI mediated potentiation of IPSCs in
stratum radiatum interneurons can be mediated by activation of α7 nAChRs, IPSC potentiation
in CA1 pyramidal cells is probably mediated by both an increase in action potential-dependent
transmitter release and activation of α7 nAChRs.

Because the activation of α7 nAChRs has been shown to enhance transmitter release at various
synapses (Gray et al., 1996; MacDermott et al., 1999; McGehee et al., 1995; Seguela et al.,
1993), we tested the hypothesis that α7 gene transfer would change the frequency and/or
amplitude of spontaneous IPSCs and EPSCs. Further, we tested the hypothesis that the
magnitude of effects produced by 5-HI and 4OH-GTS-21 would be greater following α7
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nAChR gene transfer. Although we found no change in the baseline frequency and amplitude
of EPSCs and IPSCs in CA1 pyramidal cells and stratum radiatum interneurons following α7
nAChR gene transfer, the coupling of α7 nAChRs at various synapses is well established. For
example, it has been shown that nAChRs occur presynaptically and postsynaptically at
GABAergic synapses (Fabian-Fine et al., 2001) and more recently that α7 nAChR activation
inhibits evoked GABAa receptor-mediated currents and increases the frequency of
spontaneous miniature IPSCs in hippocampal interneurons (Wanaverbecq et al., 2007).
Accordingly, it seems possible that changes in evoked IPSCs or miniature IPSCs could have
occurred following α7 gene transfer but were not resolved in the current study. Further, because
studies implementing ultrastructural resolution have shown that α7 nAChRs tend to occur away
from sites of ACh release, ACh may provide a more diffuse type of hippocampal input
(Descarries et al., 2004), making certain effects produced by α7 gene transfer undetectable
within the present methodologies.

We hypothesized that a combination of an α7 selective agonist, allosteric modulator, and α7
gene transfer would be ideal for inducing maximum activation of α7 nAChRs in the
hippocampal slice. However, our data suggest that although combining these methods may
have amplified certain physiological functions of α7 nAChRs, we were unable to elucidate a
role for hippocampal α7 nAChRs in excitatory and inhibitory synaptic transmission with this
combination of treatments. Moreover, no effects on synaptic transmission could be resolved
with the α7 selective agonist 4OH-GTS-21 at the concentration tested, although this was within
a concentration range shown to be efficacious with in vitro measures of GTS-21 mediated
cytoprotection (Ren et al., 2005). Furthermore, the α7 allosteric modulator 5-HI appeared to
have affected synaptic transmission primarily via non-α7- related mechanisms. Interestingly,
consistent with this finding, more recent results from our laboratory show that 5-HI does not
increase whole-cell currents produced by focal somatic application of 4OH-GTS-21 in stratum
radiatum interneurons, although other positive modulators can increase 4OH-GTS-21 evoked
responses and 5-HI can increase α7 responses to other partial agonists (Lopez et al., 2007
unpublished data). These findings suggest a complex interaction between partial agonists and
positive modulators of α7 nAChRs that should be considered in future studies seeking
experimental effects by combining these compounds. Finally, α7 gene transfer produced no
significant effects on spontaneous synaptic events, although we previously showed direct
measures of α7 function (e.g. the magnitude of ACh evoked currents) are in fact significantly
affected by α7 gene transfer (Ren et al., 2007b). Thus, establishing a definitive role for the
physiological function of α7 nAChRs in hippocampal synaptic transmission remains elusive
but may be accomplished in future studies investigating other mechanisms or substrates.

4. EXPERIMENTAL PROCEDURES
rAAV8 preparation

The recombinant adeno-associated virus serotype 8 (rAAV8) hybrid vector was used for
transduction of the hippocampus because of its ability to achieve gene transfer within large
tissue volumes (Klein et al., 2006). The rAAV8 vector was prepared and quantified using the
methods of Zolotukhin et al. (1999), Klein et al. (2006), and Ren et al. (2007). Expression of
green fluorescent protein (GFP) or rat α7 nAChRs was driven by a chicken α-actin promoter
containing the human cytomegalovirus enhancer. Plasmids were propagated in SURE cells
(Stratagene, LaJolla, CA, USA) and CsCl-purified. Briefly, 70% confluent human embryonic
kidney 293 cells were transfected by the calcium phosphate method with AAV terminal repeat-
containing GFP or rat α7 nicotinic receptor plasmid in equal molar ratios with the rAAV8
helper plasmid. After 3 days, cells and media were harvested and centrifuged at 3000×g. The
pellets were resuspended in a solution of 50 mM Tris, pH 8.3 and 150 mM NaCl, then freeze-
thawed three times. The resulting suspension was put through a discontinuous iodixanol
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gradient followed by a Q-sepharose column (Sigma Chemicals, St. Louis, MO, USA) to purify
rAAV8. Vector doses were expressed as genomic particles (gp).

Hippocampal injections of rAAV8-rat α7 and rAAV8-GFP
All procedures involving animals were approved by the University of Florida Institutional
Animal Care and Use Committee and were in accord with the NIH Guide for the Care and Use
of Laboratory Animals. Male Sprague Dawley rats were maintained on a 12hr day night light
cycle and had food and water available ad libitum until used in experiments. At 18–22 days of
age they were placed in an isoflurane containing chamber for 5 minutes prior to mounting on
a stereotaxic frame. Lack of withdrawal reflex indicated readiness for making the initial
incision, which followed the midline suture from just rostral to bregma, continuing back to
lambda. A small hole (0.5 mm diameter) was drilled 3.6 mm caudal to bregma and 2.2 mm
lateral to the midline. A 27-gauge needle attached to a 10 μl Hamilton syringe was lowered
into the hippocampus and stopped at a depth 2.6–3.0 mm ventral to the skull surface. Equal
volumes of rAAV8-rat α7 and rAAV8-GFP vectors [2–3 μl total volume (1010 gp)] were
delivered at 0.2 μl/min using a CMA/100 microinjection pump (CMA/Microdialysis, Solna,
Sweden). The incisions were closed using surgical nylon and treated with Betadine. Animals
recovered from anesthesia under a heat lamp and were monitored for signs of pain. Additional
analgesic injections were administered as necessary. Animals were kept for 7–10 days in
standard housing prior to use for electrophysiological experiments.

Patch-clamping in hippocampal slices
Animals were anesthetized with halothane (Halocarbon Laboratories, River Edge, NJ) and
swiftly decapitated. Transverse (300 μm) whole brain slices were prepared using a vibratome
(Pelco, Redding, CA) and a high Mg+/low Ca2+ ice-cold artificial cerebral spinal fluid (ACSF)
containing (in mM) 124 NaCl, 2.5 KCL, 1.2 NaH2PO4, 2.5 MgSO4, 10 D-glucose, 1 CaCl2,
and 25.9 NaHCO3 saturated with 95% O2-5%CO2. Prior to sectioning, a single-edge razor was
used to make a longitudinal cut that separated the two hemispheres which allowed for keeping
the injected and un-injected sides separate. Slices were incubated at 30°C for 30 minutes and
remained at room temperature until they were transferred to a submersion chamber (Warner
Instruments, Hamden, CT) for recording. Slices were perfused (2 ml/min) with normal ACSF
containing (in mM) 126 NaCl, 3 KCL, 1.2 NaH2PO4, 1.5 MgSO4, 11 D-glucose, 2.4 CaCl2,
25.9 NaHCO3, and 0.004–0.008 atropine sulfate saturated with 95% O2-5%CO2 at 30°C. Cells
were visualized with infrared differential interference contrast (IR DIC) using a Nikon E600FN
microscope that was equipped with fluorescence for viewing GFP in injected cells. In addition
to confirmation of fluorescence, functional expression was confirmed in some cells using
somatic application of ACh (1mM) which in all cases produced evoked-responses (data not
shown). Whole cell patch-clamp recordings were made with glass pipettes (3–5 MΩ)
containing an internal solution of (in mM) 125 K-gluconate, 1 KCL, 0.1 CaCl2, 2 MgCl2, 1
EGTA, 2 MgATP, 0.3 Na3GTP, and 10 HEPES (pH 7.3 using KOH). To record inhibitory post
synaptic currents (IPSCs), cells were held at 0 mV using an internal solution of (in mM): 140
CsMeS03, 8 NaCL, 1 MgCl2, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, and 5 QX-314
(pH 7.3 using CsOH). Prior to data collection, all cells were held at –70 mV, and -10 mV / 10
ms test pulses were used to determine series resistance (Ra), input resistance (Rm) and whole-
cell capacitance (Cm). Cells with series resistances > 60 MΩ or those requiring holding currents
> 250pA were not included in the final analyses

Drug application and data analyses
Bath applications of all drugs were achieved by introducing them into the ACSF using a syringe
pump (Kd Scientific, Holliston, MA) loaded with a concentrated stock solution diluted to the
final concentration in the perfusion line prior to entering the recording chamber. Baseline
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recordings of spontaneous synaptic events were made for a period of 2 min. Each drug was
washed in for 6 min, and the following 2 min of recording were used to measure drug effects.
Drugs were applied sequentially or together as indicated in the text. Since the effects of 1mM
5-HI combined with 5 μM 4OH-GTS-21 (5-HI + 4OH-GTS-21) were not significantly different
if the drugs were applied sequentially or together, in some cases data from each type of
application were pooled together. 4OH-GTS-21 was synthesized and provided by Taiho
Pharmaceuticals (Tokushima, Japan) and 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]
quinoxaline-2,3-dione (NBQX) was purchased from Tocris Cookson (Ellisville, MO). All
other chemicals were obtained from Sigma (St. Louis, MO).

Signals were digitized using an Axon Digidata 1322A and sampled at 20 kHz on a Dell
computer using Clampex version 8 or 9. Data analysis was done with Clampfit version 8 or 9,
Excel 2000, and GraphPad/Prism version 3.02. Spontaneous synaptic events were analyzed
using Clampfit event detection (threshold search in manual mode). Statistical analyses used
paired and unpaired one-tailed Student’s t-tests where appropriate. Data are expressed as mean
± SEM.

Acknowledgements
The authors thank Clare Stokes for technical assistance. This work was supported by the Evelyn F. McKnight Brain
Research Foundation, NIH grant GM57481 to RLP and P01AG10485 to R.L.P. and E.M.M., and M.A.K.

References
Alkondon M, Pereira EF, Barbosa CT, Albuquerque EX. Neuronal nicotinic acetylcholine receptor

activation modulates gamma-aminobutyric acid release from CA1 neurons of rat hippocampal slices.
J Pharmacol Exp Ther 1997;283:1396–1411. [PubMed: 9400016]

Arendash GW, Sengstock GJ, Sanberg PR, Kem WR. Improved learning and memory in aged rats with
chronic administration of the nicotinic receptor agonist GTS-21. Brain Res 1995;674:252–259.
[PubMed: 7796104]

Briggs CA, Anderson DJ, Brioni JD, Buccafusco JJ, Buckley MJ, Campbell JE, Decker MW, Donnelly-
Roberts D, Elliott RL, Gopalakrishnan M, Holladay MW, Hui YH, Jackson WJ, Kim DJ, Marsh KC,
O'Neill A, Prendergast MA, Ryther KB, Sullivan JP, Arneric SP. Functional characterization of the
novel neuronal nicotinic acetylcholine receptor ligand GTS-21 in vitro and in vivo. Pharmacol
Biochem Behav 1997;57:231–241. [PubMed: 9164577]

Court J, Spurden D, Lloyd S, McKeith I, Ballard C, Cairns N, Kerwin R, Perry R, Perry E. Neuronal
nicotinic receptors in dementia with Lewy bodies and schizophrenia: alpha-bungarotoxin and nicotine
binding in the thalamus. J Neurochem 1999;73:1590–1597. [PubMed: 10501205]

Dani JA. Properties underlying the influence of nicotinic receptors on neuronal excitability and epilepsy.
Epilepsia 2000;41:1063–1065. [PubMed: 10961642]

Descarries L, Mechawar N, Aznavour N, Watkins KC. Structural determinants of the roles of
acetylcholine in cerebral cortex. Prog Brain Res 2004;145:45–58. [PubMed: 14650905]

Fabian-Fine R, Skehel P, Errington ML, Davies HA, Sher E, Stewart MG, Fine A. Ultrastructural
distribution of the alpha7 nicotinic acetylcholine receptor subunit in rat hippocampus. J Neurosci
2001;21:7993–8003. [PubMed: 11588172]

Frazier CJ, Strowbridge BW, Papke RL. Nicotinic receptors on local circuit neurons in dentate gyrus: a
potential role in regulation of granule cell excitability. J Neurophysiol 2003;89:3018–3028. [PubMed:
12611982]

Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, Olincy A, Davis A, Polymeropoulos M, Holik
J, Hopkins J, Hoff M, Rosenthal J, Waldo MC, Reimherr F, Wender P, Yaw J, Young DA, Breese CR,
Adams C, Patterson D, Adler LE, Kruglyak L, Leonard S, Byerley W. Linkage of a neurophysiological
deficit in schizophrenia to a chromosome 15 locus. Proc Natl Acad Sci U S A 1997;94:587–592.
[PubMed: 9012828]

Thinschmidt et al. Page 8

Brain Res. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gray R, Rajan AS, Radcliffe KA, Yakehiro M, Dani JA. Hippocampal synaptic transmission enhanced
by low concentrations of nicotine. Nature 1996;383:713–716. [PubMed: 8878480]

Gronlien JH, Hakerud M, Ween H, Thorin-Hagene K, Briggs CA, Gopalakrishnan M, Malysz J. Distinct
profiles of alpha7 nAChR positive allosteric modulation revealed by structurally diverse chemotypes.
Mol Pharmacol 2007;72:715–724. [PubMed: 17565004]

Guan ZZ, Zhang X, Ravid R, Nordberg A. Decreased protein levels of nicotinic receptor subunits in the
hippocampus and temporal cortex of patients with Alzheimer's disease. J Neurochem 2000;74:237–
243. [PubMed: 10617125]

Gurley, DA.; Harris, EW.; Li, C.; Johnson, EC.; Lanthorn, TH. 5-hydroxyindole potentiates the nicotinic
acetylcholine receptor alpha 7 subtype, in: Society for Neuroscience annual meeting, Vol. (716.15).
Society for Neuroscience; New Orleans, Louisiana. 2000.

Hurst RS, Hajos M, Raggenbass M, Wall TM, Higdon NR, Lawson JA, Rutherford-Root KL, Berkenpas
MB, Hoffmann WE, Piotrowski DW, Groppi VE, Allaman G, Ogier R, Bertrand S, Bertrand D,
Arneric SP. A novel positive allosteric modulator of the alpha7 neuronal nicotinic acetylcholine
receptor: in vitro and in vivo characterization. J Neurosci 2005;25:4396–4405. [PubMed: 15858066]

Ji D, Dani JA. Inhibition and disinhibition of pyramidal neurons by activation of nicotinic receptors on
hippocampal interneurons. J Neurophysiol 2000;83:2682–2690. [PubMed: 10805668]

Krause RM, Buisson B, Bertrand S, Corringer PJ, Galzi JL, Changeux JP, Bertrand D. Ivermectin: a
positive allosteric effector of the alpha7 neuronal nicotinic acetylcholine receptor. Mol Pharmacol
1998;53:283–294. [PubMed: 9463487]

Li X, Rainnie DG, McCarley RW, Greene RW. Presynaptic nicotinic receptors facilitate monoaminergic
transmission. J Neurosci 1998;18:1904–1912. [PubMed: 9465015]

MacDermott AB, Role LW, Siegelbaum SA. Presynaptic ionotropic receptors and the control of
transmitter release. Annu Rev Neurosci 1999;22:443–485. [PubMed: 10202545]

Mannaioni G, Carpenedo R, Moroni F. 5-hydroxyindole causes convulsions and increases transmitter
release in the CA1 region of the rat hippocampus. Br J Pharmacol 2003;138:245–253. [PubMed:
12522096]

McGehee DS, Heath MJ, Gelber S, Devay P, Role LW. Nicotine enhancement of fast excitatory synaptic
transmission in CNS by presynaptic receptors. Science 1995;269:1692–1696. [PubMed: 7569895]

Mesulam M. The cholinergic lesion of Alzheimer's disease: pivotal factor or side show? Learn Mem
2004;11:43–49. [PubMed: 14747516]

Meyer EM, King MA, Meyers C. Neuroprotective effects of 2,4-dimethoxybenzylidene anabaseine
(DMXB) and tetrahydroaminoacridine (THA) in neocortices of nucleus basalis lesioned rats. Brain
Res 1998a;786:252–254. [PubMed: 9555043]

Meyer EM, Kuryatov A, Gerzanich V, Lindstrom J, Papke RL. Analysis of 3-(4-hydroxy, 2-
Methoxybenzylidene)anabaseine selectivity and activity at human and rat alpha-7 nicotinic receptors.
J Pharmacol Exp Ther 1998b;287:918–925. [PubMed: 9864273]

Mok MHS, Kew JN. Excitation of rat hippocampal interneurons via modulation of endogenous agonist
activity at the alpha7 nicotinic ACh receptor. J Physiol 2006;574:699–710. [PubMed: 16690715]

Mufson EJ, Ginsberg SD, Ikonomovic MD, DeKosky ST. Human cholinergic basal forebrain:
chemoanatomy and neurologic dysfunction. J Chem Neuroanat 2003;26:233–242. [PubMed:
14729126]

Ren K, King MA, Liu J, Siemann J, Altman M, Meyers C, Hughes JA, Meyer EM. The alpha7 nicotinic
receptor agonist 4OH-GTS-21 protects axotomized septohippocampal cholinergic neurons in wild
type but not amyloid-overexpressing transgenic mice. Neuroscience 2007a;148:230–237. [PubMed:
17640819]

Ren K, Puig V, Papke RL, Itoh Y, Hughes JA, Meyer EM. Multiple calcium channels and kinases mediate
alpha7 nicotinic receptor neuroprotection in PC12 cells. J Neurochem 2005;94:926–933. [PubMed:
15969741]

Ren K, Thinschmidt J, Liu J, Ai L, Papke RL, King MA, Hughes JA, Meyer EM. alpha7 Nicotinic receptor
gene delivery into mouse hippocampal neurons leads to functional receptor expression, improved
spatial memory-related performance, and tau hyperphosphorylation. Neuroscience 2007b;145:314–
322. [PubMed: 17218065]

Thinschmidt et al. Page 9

Brain Res. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Santos MD, Alkondon M, Pereira EF, Aracava Y, Eisenberg HM, Maelicke A, Albuquerque EX. The
nicotinic allosteric potentiating ligand galantamine facilitates synaptic transmission in the
mammalian central nervous system. Mol Pharmacol 2002;61:1222–1234. [PubMed: 11961141]

Schilstrom B, Svensson HM, Svensson TH, Nomikos GG. Nicotine and food induced dopamine release
in the nucleus accumbens of the rat: putative role of alpha7 nicotinic receptors in the ventral tegmental
area. Neuroscience 1998;85:1005–1009. [PubMed: 9681941]

Seguela P, Wadiche J, Dineley-Miller K, Dani JA, Patrick JW. Molecular cloning, functional properties,
and distribution of rat brain alpha 7: a nicotinic cation channel highly permeable to calcium. J
Neurosci 1993;13:596–604. [PubMed: 7678857]

Teaktong T, Graham A, Court J, Perry R, Jaros E, Johnson M, Hall R, Perry E. Alzheimer's disease is
associated with a selective increase in alpha7 nicotinic acetylcholine receptor immunoreactivity in
astrocytes. Glia 2003;41:207–211. [PubMed: 12509811]

Thinschmidt JS, Frazier CJ, King MA, Meyer EM, Papke RL. Septal innervation regulates the function
of alpha7 nicotinic receptors in CA1 hippocampal interneurons. Exp Neurol 2005;195:342–352.
[PubMed: 16000197]

Uteshev VV, Meyer EM, Papke RL. Regulation of neuronal function by choline and 4OH-GTS-21
through alpha 7 nicotinic receptors. J Neurophysiol 2003;89:1797–1806. [PubMed: 12611953]

Wanaverbecq N, Semyanov A, Pavlov I, Walker MC, Kullmann DM. Cholinergic axons modulate
GABAergic signaling among hippocampal interneurons via postsynaptic alpha 7 nicotinic receptors.
J Neurosci 2007;27:5683–5693. [PubMed: 17522313]

Woodruff-Pak DS, Li YT, Kem WR. A nicotinic agonist (GTS-21), eyeblink classical conditioning, and
nicotinic receptor binding in rabbit brain. Brain Res 1994;645:309–317. [PubMed: 8062092]

Zwart R, De Filippi G, Broad LM, McPhie GI, Pearson KH, Baldwinson T, Sher E. 5-Hydroxyindole
potentiates human alpha 7 nicotinic receptor mediated responses and enhances acetylcholine-induced
glutamate release in cerebellar slices. Neuropharmacology 2002;43:374–384. [PubMed: 12243767]

Thinschmidt et al. Page 10

Brain Res. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 1.
Excitatory spontaneous synaptic currents in CA1 pyramidal cells at –60mV and inhibitory
synaptic currents at 0mV are blocked by NBQX + APV and bicuculline respectively. The
scatter plots in A and B were derived from averaging the number of events in 30s intervals
(±SEM). Baseline rates were recorded for 2 min (120s) before bath application of the specified
antagonist (thick black bars). A: Scatter plot (left) showing group means ±SEM (n = 5) and
recordings from individual cells before (1) and following bath application of 10mM NBQX
and 40mM APV (2) (note the absence of events shown in 2). B: Scatter plot (left) showing
group means ±SEM (n = 5) and recordings from individual cells before (3) and following bath
application of 30mM bicuculline (4) (note the absence of events shown in 4). Scale bars: (1 &
2: 10pA and 2.5 s) (3 & 4: 20pA and 2.5 s.). Any apparent differences in time course of the
bath applied drugs are likely to reflect the relative potencies of the specific agents and their
ability to penetrate the tissue.
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FIGURE 2.
Group data showing the effects of 4OH-GTS-21 (black bar), 5-HI (dark gray bar), 5-HI + 4OH-
GTS-21 (light gray bar), and 5-HI + 4OH-GTS-21 + TTX (hatched bar) on the frequency (A)
and amplitude (B) of spontaneous EPSCs in hippocampal CA1 pyramidal cells from normal
animals. * indicates statistically significant changes from baseline amplitude and/or frequency
where p < 0.05.
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FIGURE 3.
Examples of the modulation of spontaneous synaptic events by 5-HI + 4OH-GTS-21, which
produced an increase in the frequency of spontaneous EPSCs in hippocampal pyramidal cells
(A) and an increase the frequency and amplitude of spontaneous IPSCs in hippocampal
pyramidal cells (B). Baseline synaptic events are shown on the left, and events in the presence
of 5-HI + 4OH-GTS-21 are shown on the right. In A the record was taken from a normal animal,
and in B from an animal that received alpha 7 gene transfer. Scale bars: A: (10 pA and 2.5 sec)
B: (100 pA and 2.5 sec).
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FIGURE 4.
Group data showing the effects of 4OH-GTS-21 (black bar), 5-HI (gray bar), 5-HI + 4OH-
GTS-21 (light gray bar), and 5-HI + MLA (white bar) on the frequency (A) and amplitude
(B) of spontaneous EPSCs in hippocampal CA1 pyramidal cells from animals that received
alpha 7 gene transfer. .* indicates statistically significant changes from baseline amplitude and/
or frequency where p < 0.05 and ** where p < 0.01.
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FIGURE 5.
Group data showing the effects of 4OH-GTS-21 (black bar), 5-HI + 4OH-GTS-21 (light gray
bar), 5-HI + 4OH-GTS-21 + TTX (hatched bar), and 5-HI + 4OH-GTS-21 + MLA (white bar)
on the frequency (A) and amplitude (B) of spontaneous IPSCs in hippocampal CA1 pyramidal
cells from normal animals.* indicates statistically significant changes from baseline amplitude
and/or frequency where p < 0.05 and ** where p < 0.01.
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FIGURE 6.
Group data showing the effects of 4OH-GTS-21 (black bar), 5-HI + 4OH-GTS-21 (light gray
bar), and 5-HI + 4OH-GTS-21 + MLA (hatched bar) on the frequency (A) and amplitude (B)
of spontaneous IPSCs in hippocampal pyramidal cells from animals that received alpha 7 gene
transfer. * indicates statistically significant changes from baseline amplitude and/or frequency
where p < 0.05 and ** where p < 0.01.
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