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7 NICOTINIC RECEPTOR GENE DELIVERY INTO MOUSE
IPPOCAMPAL NEURONS LEADS TO FUNCTIONAL RECEPTOR
XPRESSION, IMPROVED SPATIAL MEMORY-RELATED

ERFORMANCE, AND TAU HYPERPHOSPHORYLATION
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bstract—Brain �7 nicotinic receptors have become thera-
eutic targets for Alzheimer’s disease (AD) based on their
emory-enhancing and neuroprotective actions. This study

nvestigated the feasibility of increasing neuronal �7 receptor
unctions using a gene delivery approach based on neu-
on-selective recombinant adeno-associated virus (rAAV)–
erived vectors. In order to determine whether �7 receptor-
ediated cytotoxicity was dependent on receptor density,

at �7 nicotinic receptors were expressed at high concen-
rations in GH4C1 cells as measured with nicotine-displace-
ble [3H]methyllycaconitine (MLA) binding. The potency of
TS-21 (an �7 receptor agonist) to induce cell loss was
imilar in these cells to that seen in pheochromocytoma
PC12) cells expressing nine-times-lower receptor levels,
uggesting that cytotoxicity was more dependent on agonist
oncentration than receptor density. Hippocampal transduc-
ion with rat �7 nicotinic receptors increased [3H]MLA bind-
ng in this region in wild type and �7 receptor-knockout (KO)

ice without apparent cytotoxicity. No difference was ob-
erved in Kd values for MLA binding between endogenous
nd transgenic receptors. Single cell recordings demon-
trated that dentate granule cells that normally have no �7
eceptor response did so following �7 receptor gene delivery
n wild type mice. Recovery of �7 function was also observed
n stratum oriens and stratum radiatum neurons of KO mice
ollowing gene delivery. Wild type mice exhibited improved
cquisition performance in the Morris water task 1 month
fter bilateral hippocampal transductions with the rat �7 re-
eptor gene compared with green fluorescent protein–trans-
uced controls. However, both groups reached similar train-

ng levels and there was no difference in subsequent probe
erformance. Finally, this gene delivery approach was used
o test whether �7 receptors affect tau-phosphorylation.
hronic (i.e. 2 month but not 2 week) expression of high

Correspondence to: E. M. Meyer, University of Florida, ARB R5-110,
600 Southwest Archer Road, Gainesville, FL 32610, USA. Tel: �1-
52-392-6364; fax: �1-352-392-9696.
-mail address: meyere@ufl.edu (E. M. Meyer).
bbreviations: ACSF, artificial cerebrospinal fluid; AD, Alzheimer’s
isease; FBS, fetal bovine serum; GFP, green fluorescent protein; gp,
enomic particle; KO, knockout; KRH, Krebs Ringer buffer; MLA,
r
ethyllycaconitine; PBS, phosphate-buffered saline; PC12, pheochro-
ocytoma; rAAV, recombinant adeno-associated virus.

306-4522/07$30.00�0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2006.11.023

314
evels of �7 receptors in hippocampus increased AT8 staining
haracteristic of hyperphosphorylated tau in that region, in-
icating that endogenous agonist-mediated receptor activa-
ion may be able to modulate this process. © 2006 IBRO.
ublished by Elsevier Ltd. All rights reserved.

ey words: �7 nicotinic receptors, recombinant adeno-asso-
iated virus.

7 Nicotinic receptors are homomeric pentamers concen-
rated in hippocampus and neocortex (Seguela et al.,
993) that are involved in cell viability (Ren et al., 2005)
nd a variety of memory-related and attentional behaviors
Meyer et al., 1998b; Ren et al., 2005). Activation of these
eceptors improves spatial and avoidance memory-behav-
ors in rodents, avoidance behavior in rabbits, delayed

atching performance in primates, and word recall in hu-
ans (Arendash et al., 1995; Briggs et al., 1997; Meyer et
l., 1997; Woodruff-Pak, 2003; Marubio and Paylor, 2004).

n contrast, hippocampal infusion of methyllycaconitine
MLA), an �7 nicotinic receptor antagonist, interferes with
emory-related behavior (Woodruff-Pak, 2003). �7 Nico-

inic receptors have accordingly become targets for treat-
ng conditions associated with memory or attentional def-
cits, including Alzheimer’s disease (AD), psychosis, and
ge-related cognitive decline.

One approach to increase or restore �7 nicotinic re-
eptor-function has been to administer selective agonists
uch as GTS-21, which has been effective in non-AD
nimal models and in healthy humans (Kitagawa et al.,
003). However, several factors may complicate this ap-
roach in AD. Total hippocampal nicotinic �7 receptor
inding density is reduced in AD, and the neuronal com-
onent of this deficit may be even more severe due to the
ecently discovered concomitant increase in astrocytic re-
eptor-expression in this condition (Teaktong et al., 2003).
his observation also suggests that �7 receptor agonists
ay have fewer functional receptors to activate in AD, and
oreover, that these agonists may affect non-neuronal
opulations as well. Other factors reducing neuronal �7
eceptor function in AD include deficits in cholinergic in-
ervation of the hippocampus (Mufson et al., 2003), as well
s the potent inhibition of these receptors by amyloido-
enic peptides that accumulate in AD (Liu et al., 2001;
hinschmidt et al., 2005). The combined loss of cholinergic
lus GABAergic septal innervation of the hippocampus
as recently found to reduce �7 receptor function in that
egion (Thinschmidt et al., 2005).
ved.
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We therefore investigated an alternative technique to
levate �7 nicotinic receptors for extended intervals in a
euron-selective manner, using recombinant adeno-asso-
iated virus (rAAV)–mediated delivery of �7 nicotinic re-
eptor transgene directly into the hippocampus. rAAV vec-
ors have been used extensively for gene delivery into
rain and been found to be non-toxic, to transduce post-
itotic neurons selectively in this organ, and to permit

ong-term transgene expression gene when combined with
ppropriate promoters (Peel and Klein, 2000). For this
tudy, rAAV8/2 hybrid vectors were used for transduction
f the hippocampus due to their ability to achieve gene
ransfer within large tissue volumes (Klein et al., 2006).
igh affinity ligand binding and electrophysiological assays
ere used to demonstrate increased expression of functional

eceptors in wild type and �7 knockout (KO) mice. Morris
ater task performance was evaluated to determine whether

ncreased gene expression, in the absence of any agonist
reatment, was sufficient to improve spatial memory–related
ehavior. Since very rapid exposure to high concentrations of
7 nicotinic receptor agonists may be toxic under some con-
itions in vitro (Li et al., 1999b), we also evaluated the poten-
ial effects of receptor gene delivery on cell viability with
ncreasing agonist concentrations.

Following the characterization of this gene delivery
odel relative to ligand binding, electrophysiological re-

ponses, and behavior, it was used to test the hypothesis
hat long term hippocampal �7 nicotinic receptor expres-
ion affects tau phosphorylation as seen following chronic
icotine administration (Oddo et al., 2005). Tau hyper-
hosphorylation is widely believed to be an early event in
he formation of neurofibrillary tangles in AD (King, 2005).
ince �7 nicotinic receptors contribute to amyloid-induced

au hyperphosphorylation, we hypothesized that they may
nderlie the effects of nicotine on this process as well
Wang et al., 2006).

EXPERIMENTAL PROCEDURES

AAV2 and rAAV8/2 preparation

AAV2 and rAAV8/2 vectors were prepared and quantified using
he methods of Zolotukhin et al. (1999) and Klein et al. (2006),
espectively. rAAV2 and rAAV8/2 contained identical expression
assettes flanked by AAV2 terminal repeats, but differed with
espect to capsid serotypes (AAV2 vs. AAV8). Expression of
reen fluorescent protein (GFP) or rat �7 nicotinic receptor was
riven by a chicken �-actin promoter containing the human cyto-
egalovirus enhancer.

Plasmids were propagated in SURE cells (Stratagene, La
olla, CA, USA) and CsCl-purified. Briefly, 70% confluent human
mbryonic kidney 293 cells were transfected by the calcium-
hosphate method with AAV terminal repeat-containing GFP or
at �7 nicotinic receptor plasmid in equal molar ratios with the
AAV2 or rAAV8/2 helper plasmid. After 3 days, cells and media
ere harvested and centrifuged at 3000�g. The pellets were

esuspended in a solution of 50 mM Tris, pH 8.3, and 150 mM
aCl, then freeze-thawed three times. The resulting suspension
as put through a discontinuous iodixanol gradient followed by a
eparin sulfate column purify the rAAV2. A Q-sepharose column
Sigma Chemicals, St. Louis, MO, USA) was used in place of the
eparin sulfate column to purify rAAV8/2. Vector doses were

xpressed as genomic particles (gp). a
ell culture studies

he GH4C1 cell line is pituitary-derived and is one of the few lines
hat normally express the RIC-3 chaperone protein for �7 nicotinic
eceptors but not the receptors themselves; thus, these cells are
ommonly used for functional receptor transfection/transduction
tudies (Williams et al., 2005). GH4C1 and pheochromocytoma
PC12) cells, which normally functional express �7 nicotinic re-
eptors, were obtained from American Type Culture Collection.
Manassas, VA, USA) GH4C1 cells were grown in F-10 nutrient
ixture containing 10% fetal bovine serum (FBS) and 1% penicil-

in/streptomycin and PC12 cells were grown in an RPMI medium
640 mixture containing 10% horse serum, 5% FBS and 1%
enicillin/streptomycin. Both cell types were incubate at 37 °C in
% CO2 and 90–92% humidity, and were split at a 1:3 ratio every
days, up to 10 passages. Cell confluence at the initiation of each

tudy was approximately 60%. PC12 cells were treated for 7 days
ith 100 ng/ml nerve growth factor (NGF, BD Biosciences, San
iego, CA, USA), which was added at days 1 and 3. At that time,

hey were treated with specified GTS-21 concentrations for an-
ther 2 days, when cell density and high affinity [3H]MLA binding
ere determined. To initiate gene delivery in GH4C1 cells, the cell
ulture medium was removed and cells were exposed to a 0.05%
rypsin/0.53 mM EDTA solution for 5 min. Trypsin/EDTA was
emoved by transferring the cellular suspension to sterile conical
ubes, which were centrifuged at 3000�g for 5 min. Pellets were
esuspended in 150 �l fresh F-10 medium. Vectors were added
nd incubated for 30 min at 37 °C. After incubation, cells were
lated in 60 mm dishes to which 2 ml of fresh medium were added.
hree days later, cells were either assayed for high affinity

3H]MLA binding or treated for another 2 days with specified
TS-21 concentrations to determine its effect on cell viability. The
umber of cells remaining at that time was used to estimate
iability, based on counting the total number of cells at three
andom sites/plate (Li et al., 1999a).

tereotaxic surgeries

57BL/6 mice and �7 KO mice from the same strain were ob-
ained from the Jackson Laboratories (Bar Harbor, ME, USA). All
nimals were housed in the animal facility of the Health Science
enter at the University of Florida. Mice were anesthetized with
% isoflurane/O2. After mounting the head on a stereotaxic frame,
easurements were taken from bregma midline and the top of the

kull. The injection coordinates were �2.06 mm bregma,
1.8 mm medial–lateral, and �2.0 mm dorsal–ventral. rAAV2-rat
7, rAAV2-GFP, rAAV8/2-rat �7 and rAAV8/2-GFP vectors were

njected into hippocampus through a 27 ga cannula connected via
6 ga I.D. polyethylene tubing to a 10 �l syringe mounted to a
MA/100 microinjection pump. The pump delivered 2 �l virus

1010 gp) at a rate of 0.2 �l/min. The needle remained in place at
he injection site for 2 min before removal. The cannula was
emoved slowly after the injection and the skin was sutured. All
nimal care and procedures were in accordance with institutional
ACUC and NIH guidelines. Every effort was made to minimize the
umber of animals used and their suffering.

igh affinity [3H]MLA binding assay

rain tissues or cell culture samples were prepared for nicotine-
isplaceable, high-affinity [3H]MLA binding assay as described
reviously (Thinschmidt et al., 2005). Tissues were rapidly dis-
ected from killed animals following 4% isoflurane/O2 anesthesia
nd suspended in ice-cold Krebs Ringer buffer (KRH; in mM: 118
aCl, 5 KCl, 10 glucose, 1 MgCl2, 2.5 CaCl2, 20 Hepes; pH 7.5).

ce-cold KRH was also used to wash and harvest culture cells.
rain tissues or cells were homogenized in ice-cold KRH buffer
ith a Polytron (setting 4 for 10 s). After two 1 ml washes with KRH

t 20,000�g, the membranes were incubated in 0.5 ml KRH with
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.5 nM to 50 nM [3H]MLA (63 Ci/mmol; Tocris, Ellisville, MO,
SA), for 60 min at 4 °C, plus or minus 5 mM nicotine. Kd and
max values were determined by Scatchard analyses using the
tatview program. Tissues were washed three times with 5 ml

ce-cold KRH buffer by filtration through Whatman GF/C filters that
ere preincubated for 30 min with 0.5% polyethylenimine (Sigma).
iquid scintillation (EcoLite, Fisher Pharmaceuticals, Hampton,
H, USA) counting of radioactivity was conducted in a Beckman
S1800. Nicotine-displaceable binding was calculated for each
ample in triplicate in each experiment, and normalized for total
rotein (Bio-rad assay) (Thinschmidt et al., 2005).

mmunohistochemistry

nimals anesthetized with 4% isoflurane/O2 were perfused with
00 ml of cold phosphate-buffered saline (PBS), followed by
00 ml of cold 4% paraformaldehyde (Sigma) in PBS. The brain
as removed and equilibrated in a cryoprotectant solution of 30%
ucrose/PBS and stored at 4 °C. Coronal sections (50 �m) were
ut on a sliding microtome with freezing stage. Antigen detection
as conducted on floating sections by incubation in a blocking
olution (2% goat serum/0.3% Triton X-100/PBS) for 30 min at
oom temperature, followed by primary antibody incubation over-
ight at 4 °C. The primary antibody used was anti-human AT8
Ser-202/Thr-205) monoclonal antibody (1:200, Pierce Pharma-
euticals, Rockford, IL, USA). Sections were washed in PBS three
imes for 5 min each and then incubated with biotinylated anti-
ouse IgG (1:1000, Dako, Carpinteria, CA, USA) for 1 h at room

emperature. The sections were then washed with PBS three
imes for 5 min each and labeled with fluorescent streptavidin
onjugate (1:200, Invitrogen) for 3 h at room temperature. The
ections were then washed with PBS three times for 5 min each.
ections were mounted on Fisher Superfrost Plus slides with
lycerol gelatin (Sigma).

luoroJade staining

luoroJade staining of degenerating neurons (Zuch et al., 2000)
as conducted in floating brain sections with 100% ethanol for 3
in, followed by 70% ethanol and dH2O for 1 min each, 0.06%
otassium permanganate for 15 min, and a wash with dH2O for
min. The sections were treated in the dark with 0.001% Fluoro-

ade for 30 min and then mounted on slides, air-dried and cover-
lipped with glycerol gelatin.

orris water task

orris water maze was performed to test spatial learning and
emory of mice injected rAAV8/2-rat �7 vectors using a water

ank (1 m diameter) designed for mice with a fixed platform 1 cm
elow the water surface (Monteiro et al., 2005). Mice received

hree blocks of training of eight trials daily for 3 days followed 1 day
ater by a probe trial. During training, mice were hand-guided to the
latform if they did not reach it during a 60 s interval. The mouse
as allowed 30 s on the platform. For each trial, latency to find

he platform, path length to the platform, and swim speed were
ecorded by a video-tracking/computer-digitizing system (HVS Im-
ge, Hampton, UK). The probe consisted of a 60 s interval in
hich the mice searched for the removed platform. The swim
istance and percentage of time spent in each quadrant were
ecorded. The total daily times required for each animal to reach
he platform and the total times for the 3 day training intervals were
etermined and compared between the two GFP- and receptor-
ransduced groups by two-way Student’s t-test, which was also
sed to compare the main effects of probe performance between

he treatment groups. o
lectrophysiological recordings

resh transverse brain slices (300 �m) were prepared using a
ibratome (Pelco, Redding, CA, USA). Slices were incubated at
0 °C for 30 min and then maintained submerged at room tem-
erature. The artificial cerebrospinal fluid (ACSF) used for cutting
nd incubating slices contained in mM: 124 NaCl, 2.5 KCl, 1.2
aH2PO4, 2.5 MgSO4, 10 D-glucose, 1 CaCl2, and 25.9 NaHCO3,
aturated with 95% O2/5% CO2. Following incubation, slices were
ransferred to a recording chamber where they were superfused at
rate of 2 ml/min with ACSF at 30 °C containing in mM: 126 NaCl,
KCl, 1.2 NaH2PO4, 1.5 MgSO4, 10 D-glucose, 2.4 CaCl2, and

5.9 NaHCO3, saturated with 95% O2/5% CO2. Individual neurons
ere identified with infrared differential interference contrast mi-
roscopy (IR DIC) using a Nikon E600FN microscope (Nikon
nstruments, Melville, NY, USA). Whole-cell patch-clamp record-
ngs were made with pipettes pulled on a Flaming/Brown electrode
uller (Sutter Instruments, Novato, CA, USA). Pipettes were typ-

cally 3–5 M� when filled with an internal solution that contained
n mM: 125 K-gluconate, 1 KCl, 0.1 CaCl2, 2 MgCl2, 1 EGTA, 2

gATP, 0.3 NaGTP, and 10 Hepes. All internal solutions were
pproximately 285 mOsm and were pH adjusted to 7.3 with KOH.

For experiments involving fluorescence microscopy, GFP-
xpressing neurons were visualized using light from a mercury

amp filtered at 510–560 nM. For all local application experiments,
picospritzer (General Valve, Fairfield, NJ, USA) was used to

pply a solution containing 1 mM ACh from pipettes identical to
hose used for whole-cell recording or from double-barreled pi-
ettes made using theta tubing (Sutter Instruments). It should be
oted that the actual concentration of ACh that reached these
ells prior to their receptor-desensitization was much less than the
mM contained in the pipette (Papke, 2006). An Axon Multiclamp
00A amplifier (Axon Instruments, Union City, CA, USA) was used
o amplify voltage and current records. The data were sampled at
0 kHz, filtered at 2 kHz, and recorded on a computer via an Axon
igidata 1322 analog-to-digital converter using Clampex version
.0 (Axon Instruments). Data were analyzed using Clampfit ver-
ion 9.0 (Axon Instruments), Microsoft Excel and GraphPad Prism
. 3.0 (GraphPad Software, San Diego, CA, USA).

RESULTS

H4C1 cells expressed high affinity [3H]MLA binding
750�62 fmol/mg protein, mean�S.E.M. of three separate
xperiments, each conducted in triplicate) 3 days after
ransduction with 2.5�109 gp of the rAAV2 �7 nicotinic
eceptor expression vector. In contrast, no binding was
een in these cells after transduction with the same dose of
he control GFP-vector. GTS-21 had no effect on cell den-
ity in GFP-transduced GH4C1 cells when added 3 days
ost-transduction but did reduce cell density in �7- recep-

or transduced GH4C1 cells in a concentration-dependent
anner (Fig. 1). GTS-21 also reduced the density of NGF-
ifferentiated, non-dividing PC12 cells over this 2 day in-
erval at similar or slightly higher concentrations (Fig. 1).
hese differentiated PC12 cells expressed a much lower
icotine-displaceable [3H]MLA binding level (78�6 fmol/mg
rotein, mean�S.E.M.; N�3 experiments) at the time of
TS-21 administration than receptor-transduced GH4C1

ells did, indicating that the agonist-induced toxicity may
e more dependent on agonist-concentration than
eceptor-density.

High affinity [3H]MLA binding was observed on the side
f the hippocampus of KO mice injected with 1.5�1010 gp

f the rAAV2 �7 receptor vector after 2 weeks, but not in
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he contralateral hippocampus (Fig. 2). Wild type mice also
ad much higher Bmax levels of hippocampal [3H]MLA
inding on the �7 receptor vector injected side of the
ippocampus than on the contralateral uninjected side,

ndicating higher receptor concentrations. Hippocampal
3H]MLA binding on the transduced side of the wild type
ice was also higher than that of the transduced KO mice

o an extent that appeared more than additive with endog-
nous ligand binding.

In an attempt to increase �7 receptor gene delivery
nd expression further, a higher dose of the rAAV8/2-�7
eceptor vector, 3.6�1010 gp, was injected into wild type
ouse hippocampus. However, the level of hippocampal
igh affinity [3H]MLA binding in these mice was similar
926�57 fmol/mg protein, mean�S.E.M. of six animals) 2
eeks post-injection to that seen with the lower dose of

AAV2-�7 vector above. Wild type mice injected with the

ig. 1. Effects of GTS-21 on the density of �7 receptor- and GFP-tra
ransduced with GFP or �7 nicotinic receptors (2.5�109 gp/200 �l) an
ells were differentiated with 100 ng/ml NGF for 1 week, and then als
f mean values for untreated cells (no GTS-21) for the same exper
onducted in triplicate. * P�0.05 compared with same cell type with n

ig. 2. [3H]MLA binding in wild type (WT) and �7 receptor KO mouse
ippocampus. 1.8�1010 gp of rAAV2-rat �7 receptor were unilaterally

njected into WT or KO mouse hippocampus. Two weeks later, each
emisphere of the hippocampus was assayed separately for nicotine
isplaceable [3H]MLA binding as described in the text, and expressed
s the mean�S.E.M. of at least four animals per group. * P�0.05
r
ompared with same genotype, untreated side (t-test); ND: not detect-
ble.
AAV8/2-GFP vector expressed much lower levels of bind-
ng (23�2.5 fmol/mg protein, N�7 animals) than receptor-
ransduced animals did, reflecting endogenous receptor
xpression. Scatchard analyses revealed monophasic
inding slopes for [3H]MLA binding in the rAAV8/2-�7 re-
eptor and rAAV8/2-GFP transduced hippocampus, and
ssentially identical Kd values of 2.2 nM and 2.0 nM,
espectively, after these treatments. Thus, it appeared that
he transduced rat receptor had similar binding character-
stics to the endogenous mouse �7 receptor. No FluroJade
abeling of dying neurons was observed in the injection
egion for at least 2 months after vector injection (N�4
nimals/group; not shown).

To evaluate the function of transgenic �7 receptors
lectrophysiologically, 1.8�1010 gp of rAAV8/2-rat �7 vec-

or was injected unilaterally into wild type or KO mouse
ippocampus, along with 0.6�1010 gp of rAAV8/2-GFP to

abel likely transduced neurons. The contralateral side re-
eived 0.6�1010 gp of rAAV8/2-GFP only. When ACh was
pplied to GFP-labeled dentate granule cells from a pres-
ure application pipette containing 1 mM ACh in the �7
eceptor-transduced hemisphere, there was a significant
LA-sensitive response (Fig. 3B). Control dentate granule

ells transduced with GFP-only on the contralateral side
ad no MLA-sensitive responses to 1 mM ACh, as ex-
ected (Fig. 3A). A typical response from striatum radiatum

nterneurons, which normally do express �7 receptors, is
hown in Fig. 3C. GFP-labeled stratum radiatum neurons
rom the �7 receptor transduced side responded to ACh
ith a current amplitude that was about 50 times that of the
onventional, �7 receptor type current in the contralateral
ontrol side (Fig. 3D).

�7 Receptor gene delivery also restored receptor func-
ion in 2 month old �7 KO mice (Fig. 3E). GFP-labeled
tratum radiatum and stratum oriens neurons had �7 nic-
tinic receptor responses evoked by pressure application
rom pipettes containing 1 mM ACh that were blocked with
0 nM MLA (Fig. 3C). These results demonstrate that �7

GH4C1 cells, as well as differentiated PC12 cells. GH4C1 cells were
later exposed to specified concentrations of GTS-21 for 2 days. PC12
d to GTS-21 for 2 days. Cell density is expressed as the percentage
ch value is the mean�S.E.M. of three separate experiments, each
1 (one-way ANOVA).
nsduced
d 3 days
o expose
iment; ea
eceptors could be expressed functionally in KO mice in
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he same types of neurons of that normally express them in
ild type animals.

In the Morris water task, wild type mice receiving
ilateral injections of the 1.8�1010 gp of rAAV8/2 �7
ector had improved acquisition performance compared
ith GFP-transduced animals over the 3 day training

nterval (Fig. 4). No difference in swim speed or distance
raveled was observed between these groups. Both
roups eventually reached similar performance levels by

he end of the training. There was no difference in the
robe performance between these groups measured 24 h
fter the end of the training, with the times spent in the
orrect quadrant for the receptor-transduced (N�8 ani-
als) and GFP-transduced (N�3 animals) groups being
9.3�3 s and 14.5�4 s, respectively.

Transduction with the rAAV8/2-�7 receptor vector
3.6�1010 gp) in the hippocampus of wild type 2 month old

ig. 3. Hippocampal electrophysiological responses in mice transduce
ranule cells to 1 mM ACh in GFP- and �7 receptor-transduced
eceptor-transduced side out of six GFP-labeled neurons; N�4 negati
ransduced side (scale bars�100 pA vertical/horizontal 100 ms). (C)
tratum radiatum interneuron in GFP-only transduced wild type mous
abeled with GFP. This response is nearly 50 times greater in peak am
he �7 receptor gene plus GFP vector. GFP-identified neuron had a
ars�1 nA and 100 ms). For stratum radiatum and stratum oriens com
esponses were seen in GFP-only transduced hippocampus (N�6).
ice (N�4) led to significant immunohistochemical AT8- c
taining (591�102 neurons/hippocampus, mean�S.E.M.,
�4) in this region 2 months later (Fig. 5). AT8 staining
as not apparent in adjacent neocortex and was limited to

he injection area. No AT8 staining was observed 2 weeks
ost-transduction with this receptor (N�3; data not shown),
r at 2 months after GFP-transduction (N�4; Fig. 5).

DISCUSSION

he results of this study indicate that �7 nicotinic receptor
xpression and function can be modulated in the hip-
ocampus for extended intervals by gene delivery. Gene
elivery can increase �7 receptor densities in wild type
nimals and restore �7 receptor functions in receptor KO
nimals. Since this approach depends on endogenous
eurotransmission to activate transgenic receptors, it

ikely permits phasic, neuronal activity-dependent re-

t �7 nicotinic receptors. (A, B) Responses of wild type mouse dentate
hippocampus, respectively, with N�6 positive-response cells on

nse cells out of four GFP-labeled cells on the contralateral, GFP-only
imolar ACh produces a typical �7 receptor current in a hippocampal
uron located in the hippocampus injected with the �7 receptor gene
than that shown in C. (E) Two-month-old �7 KO mouse injected with

to 1 mM ACh that was completely blocked with 50 nM MLA (scale
�4 positive responses from five GFP-labeled neurons; in contrast, no
d with ra
sides of

ve-respo
One mill
e. (D) Ne

plitude
response
eptor stimulation that is more physiological than the
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onic receptor activation induced by agonist administra-
ion. This provides an alternative approach for studying
he role of these receptors in normal and dysfunctional
rain function. The incorporation of neuron-specific
AAV vectors in this procedure also permits selective
nhancement of neuronal �7 receptor function without
ctivating astrocytic receptors.

Nicotinic �7 receptor gene delivery caused large in-
reases in receptor binding in the hippocampus and ap-
eared to increase both the number of neurons expressing

his receptor and the size of these electrophysiological
esponses in neurons that normally expressed the recep-
or. It appeared that there was a plateau level of expres-
ion reached with the doses used in this study, since

3H]MLA binding was similar in animals injected with
.8�1010 rAAV2 and 3.6�1010 rAAV8/2 gp, despite the

atter vector recently being found to lead to higher expres-
ion in hippocampus (Klein et al., 2006), suggesting that

ig. 4. Morris water task test-performance in wild type mice receivin
A) Daily means�S.E.M. of total times-to-trial for eight trials in mice 1
ver 3 days (24 trials). * P�0.05 compared with corresponding GFP
eceptor-transduced animals.

ig. 5. Immunohistochemical AT8 staining in mouse hippocampus 2
ene delivery (3.6�1010 gp) (N�4 animals) in that region. Left panel: d

anel: CA1 staining after receptor �7 receptor gene delivery (20�); right pane
10�).
ther factors such as RIC3 expression may become
imiting.

Dentate granule cells normally do not respond to �7
eceptor agonists, which is consistent with our present
esults with GFP-transduced neurons (Thinschmidt et al.,
005). However, these cells did express typical �7 recep-
or responses after delivery of this gene into the region.
he ability to confer �7 receptor function to cells such as

hese projection neurons that normally do not express the
eceptor has potential for protecting them from apoptotic
nsults when combined with neuroprotective �7 receptor
gonists (Shimohama et al., 1998; Ren et al., 2005). Acti-
ation of endogenous �7 receptors with GTS-21 has been
ound to protect against ischemic damage (Shimohama et
l., 1998) and trans-neuronal degeneration (Meyer et al.,
998a) in vivo, and this type of protection may now be
xtended to other types of neurons with this gene delivery
pproach.

al injections of rAAV8/2-GFP or rAAV8/2-�7 (1.8�1010 gp of each).
fter gene delivery. (B) Total times-to-trial for acquisition performance
ced groups, one-way ANOVA. N�3 GFP-transduced and N�8 �7

after rAAV8/2-mediated rat �7 (3.6�1010 gp) (N�4 animals) or GFP
anule cell layer staining after �7 receptor gene delivery (10�); middle
g bilater
month a
months
entate gr
l: lack of hippocampal AT8 staining after rAAV8/2-GFP gene transfer
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While �7 nicotinic receptors are typically neuroprotec-
ive at low agonist concentrations, higher agonist concen-
rations may be cytotoxic under some conditions. The lack
f neurotoxicity following overexpression of these recep-

ors in hippocampus may be explained by their biophysical
roperties (i.e. peak and duration of responses), which are
ighly dependent on agonist concentration (Papke et al.,
000). High agonist concentrations also trigger rapid de-
ensitization and termination of receptor function (Papke et
l., 2000). Neurotoxicity therefore depends on rapid ad-
inistration of the agonist that is feasible in vitro (Li et al.,
999b) but not apparently in vivo, accounting for the lack of
ny toxicity observed after peripheral agonist injections in
nimals or humans.

With respect to �7 receptor gene delivery, we hypoth-
sized based on these biophysical properties of the recep-
or that there was also a greater dependency of receptor
unction on agonist concentration than on receptor density.
his was supported by the similar dose-dependency of
eceptor-transduced GH4C1 cells and PC12 cells to the
ytotoxic effects of the �7-receptor agonist GTS-21, de-
pite the former cell type expressing a much higher level of
his receptor. This observation suggests that supra-normal
evels of receptor expression may be no more toxic to cells
han physiological levels are. This appears to be different
rom what is seen with the neuroprotective actions of �7
eceptors, which have been demonstrated to be depen-
ent on receptor density in PC12 cells (Jonnala and Buc-
afusco, 2001). Therefore, elevating the levels of receptor
xpression may have the desirable profile of increased
europrotective activity at low agonist doses combined
ith no increase in toxicity at high agonist doses.

Although KO mice express ectopic �7 receptors after
AAV gene delivery, this level of transgenic expression
ppeared to be lower than was seen in identically treated
ild type mice. This may be due to changes in intrinsic
odulatory factors recently found to affect these receptors

uch as the level of RIC-3, a protein involved in receptor-
rocessing (Williams et al., 2005). Alternatively, other com-
ensatory factors involving different nicotinic receptor sub-
nits may also occur developmentally in the �7 KO mouse.
his is suggested by the observation that while neither the
7 nor the �2 nicotinic receptor subunit KO mouse shows
ignificant memory-related deficits, the combination KO
oes (Paylor et al., 1998; Marubio and Paylor, 2004).

The �7 receptor MLA binding affinity (Kd) in hippocam-
us was comparable between rAAV8/2 transgenic and wild

ype �7 receptors, despite much higher Bmax values for
he vector-treated mice. This finding is significant because
t indicates that the processing of the plasma membrane
ransgenic receptor is comparable to that of the wild type
nimal. From a therapeutic perspective, it also suggests
hat the binding affinities of drugs for wild type receptors
ill be predictive of their activities at brain transgenic

eceptors.
Pharmacological activation of �7 nicotinic receptors

odulates hippocampal synaptic plasticity (Radcliffe and
ani, 1998; Chen et al., 2006) and improves memory-
elated behaviors, including spatial Morris water task per- e
ormance (Arendash et al., 1995; Meyer et al., 1997).
emory-related behavioral improvements have been re-
orted following nicotine-administration or treatment with
elective �7 agonists in intact and memory-dysfunctional
nimals (Briggs et al., 1997; Meyer et al., 1997; Attaway et
l., 1999). We did observe highly significant improvements

n acquisition performance following gene-delivery, which
ay be due to the chronic nature of our model, with mice
aving elevated �7 nicotinic receptor levels for several
eeks before initiating the Morris water task. While nothing

s known about the chronic effects of selective �7 receptor
ctivation on acquisition performance in this spatial memory–
elated paradigm, chronic nicotine administration does im-
rove this performance more than is seen with acute treat-
ent (i.e. during training exercises only) (Bernal et al., 1999).

At present, it is not clear to what extent this behavioral
mprovement is due to increased receptor levels and func-
ion in neurons that normally express the receptor (e.g.
tratum radiatum neurons) versus novel ectopic receptor
xpression in neurons that do not (e.g. dentate granule
ells). Since these animals were not agonist-treated, re-
eptor activation depended on the endogenous agonists
Ch and choline. The extent to which ectopic �7 receptors
re activated by these ligands on normally �7 non-ex-
ressing neurons is difficult to predict and likely varies
ccording to the proximity of cholinergic synapses that
ediate non-�7 receptor transmission. Extracellular cho-

ine is found ubiquitously in the brain, though normally at
ow concentrations (1–10 �M) relative to those necessary
o activate �7 receptors, except perhaps near cholinergic
ynapses where it is produced by ACh-hydrolysis (Uteshev
t al., 2003). One method to determine which neuronal cell
ypes in the hippocampus account for this improvement in
cquisition performance following �7 nicotinic receptor
ene delivery may be to use cell-type specific promoters
s was done previously to distinguish the functions of
ifferent hippocampal neuronal populations (Buono et al.,
004).

Our results indicate that chronic expression of high
evels of �7 receptors leads to the hyperphosphorylation of
ndogenous tau at sites associated with eventual neuro-
lament tangle formation, though only local to the gene
elivery and only after an extended interval of sometime
etween 1 and 2 months. AT8 staining recognizes a form
f hyperphosphorylated tau that is a component of neuro-
brillary tangles in AD (Yang and Ksiezak-Reding, 1995).
ittle to no AT8 immunohistochemical staining appears to
ccur normally in adult mouse hippocampus (Distl et al.,
003). �7 Nicotinic receptor activation may account at

east in part for similar tau hyperphosphorylation seen
ollowing chronic nicotine treatment. This is supported by
he finding that selective �7 receptor agonists as well as
icotine stimulate p38/mitogen-activated protein kinase
MAPK) (Wang et al., 2006), which in turn phosphorylates
au (Oddo et al., 2005). Several other effects of �7 receptor
ctivation may also trigger tau phosphorylation, including:
) receptor-mediated activation of AKT, which has been
eported to increase tau phosphorylation (Ksiezak-Reding

t al., 2003); and 2) receptor-mediated increases in gluta-
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ate release and subsequent NMDA receptor activation,
hich have also been found to increase tau phosphoryla-

ion (Guo et al., 2005). Unfortunately, currently available
7 receptor antibodies give false positive immunohisto-
hemical staining in the mouse (Herber et al., 2004). It is
herefore difficult to co-label neurons expressing high lev-
ls of this receptor and hyperphosphorylated tau, which
ould help distinguish between these intracellular versus

rans-neuronal mechanisms of action.
It should be noted that relatively little is known about

he effects of increased phosphorylation of endogenous,
on-mutant tau in rodents. Studies demonstrating adverse
ffects of tau hyperphosphorylation have typically used

ransgenic mice expressing mutant human tau such as
301L, which is associated with a prefrontal cortical de-
entia. Even hyperphosphorylation of P301L tau in mice

an improve memory-related behavior and elevate hip-
ocampal LTP until tauopathies appear (Boekhoorn et al.,
006). The increase in wild type hippocampal tau phos-
horylation seen in �7 receptor–transduced mice may

herefore have beneficial effects, at least transiently. Con-
ersely, it is conceivable that activation of �7 nicotinic
eceptors elicits a combination of beneficial effects (e.g.
mproved memory-related behaviors, reduced amyloid
oad, and neuroprotection), along with a detrimental action
n tau-phosphorylation, that can be differentiated by ap-
ropriate dosing with agonists or genes. Another intriguing
ossibility is that �7 receptor–mediated increase in tau
hosphorylation may be attenuated by amyloid peptides
uch as Abeta 1–42, which have been found to block these
eceptors very potently (Wang et al., 2000).

The present results indicate that receptor gene delivery
lone is sufficient to increase �7 receptor function in brain
ia activation by endogenous agonists. However, it re-
ains to be determined whether �7 receptor-modulated
emory-related behaviors or other �7 receptor functions in
rain such as auditory gating can be enhanced further by
ombining receptor agonist-treatments with gene delivery.
his possibility is presently being evaluated due to its

uture therapeutic potential as well as providing a novel
ethod for evaluating receptor function.
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