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Development/Plasticity/Repair

Sympathetic Sprouting Drives Hippocampal Cholinergic
Reinnervation That Prevents Loss of a Muscarinic Receptor-
Dependent Long-Term Depression at CA3-CA1 Synapses
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Degeneration of septohippocampal cholinergic neurons results in memory deficits attributable to loss of cholinergic modulation of
hippocampal synaptic circuits. A remarkable consequence of cholinergic degeneration is the sprouting of noradrenergic sympathetic
fibers from the superior cervical ganglia into hippocampus. The functional impact of sympathetic ingrowth on synaptic physiology has
never been investigated. Here, we report that, at CA3-CA1 synapses, a Hebbian form of long-term depression (LTD) induced by musca-
rinic M, receptor activation (mLTD) is lost after medial septal lesion. Unexpectedly, expression of mLTD is rescued by sympathetic
sprouting. These effects are specific because LTP and other forms of LTD are unaffected. The rescue of mLTD expression is coupled
temporally with the reappearance of cholinergic fibers in hippocampus, as assessed by the immunostaining of fibers for VAChT (vesicular
acetylcholine transporter). Both the cholinergic reinnervation and mLTD rescue are prevented by bilateral superior cervical ganglionec-
tomy, which also prevents the noradrenergic sympathetic sprouting. The new cholinergic fibers likely originate from the superior cervical
ganglia because unilateral ganglionectomy, performed when cholinergic reinnervation is well established, removes the reinnervation on
the ipsilateral side. Thus, the temporal coupling of the cholinergic reinnervation with mLTD rescue, together with the absence of
reinnervation and mLTD expression after ganglionectomy, demonstrate that the autonomic-driven cholinergic reinnervation is essential
for maintaining mLTD after central cholinergic cell death. We have discovered a novel phenomenon whereby the autonomic and central
nervous systems experience structural rearrangement to replace lost cholinergic innervation in hippocampus, with the consequence of
preserving a form of LTD that would otherwise be lost as a result of cholinergic degeneration.

Key words: synaptic plasticity; hippocampus; LTD; muscarinic acetylcholine receptor; G-protein-coupled receptors; superior cervical
ganglion
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Intact cholinergic innervation is required for some forms of
hippocampal-dependent memory processing (Hasselmo, 1999),
probably because it modulates excitatory glutamate transmission
(Rovira et al., 1983; Huerta and Lisman, 1993; Fernandez De
Sevilla and Buno, 2003). Activation of muscarinic acetylcholine
receptors (mAChRs) decreases presynaptic glutamate release and
directly induces or modulates long-term potentiation (LTP) and
long-term depression (LTD) at hippocampal CA3—CA1 synapses
(Valentino and Dingledine, 1981; Auerbach and Segal, 1994,
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2005). Because long-term alterations in efficacy of glutamate
transmission contribute to memory mechanisms (Bliss and Col-
lingridge, 1993; Malenka and Bear, 2004), induction of long-term
synaptic changes by cholinergic receptors likely underlies the
cholinergic dependence of normal memory processing. Hip-
pocampal cholinergic innervation, originating in medial septum,
degenerates in Alzheimer’s disease (AD), which is likely causal to
memory deficits in affected patients (Kesner et al., 1989). In fact,
the severity of memory deficit is strongly correlated with the
degree of cholinergic cell loss (Bierer et al., 1995). Moreover,
blockade of the M, receptor subtype of mAChRs results in mem-
ory impairment in rats and humans that mimics memory deficits
in AD (Drachman and Leavitt, 1974; Ghelardini et al., 1999; An-
agnostaras et al., 2003; Atri et al., 2004).

A remarkable consequence of death of septohippocampal
cholinergic neurons, in both humans with AD and rodent models
of cholinergic degeneration, is the ingrowth of noradrenergic
sympathetic axons into hippocampus (Loy and Moore, 1977)
(for review, see Crutcher, 1987). These axons originate in the
superior cervical ganglia (SCG) and normally innervate only the
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cerebral vasculature. Their sprouting into hippocampus is stim-
ulated by accumulation of nerve growth factor (NGF) and can be
prevented by bilateral superior cervical ganglionectomy or infu-
sion of anti-NGF antibodies (Collins and Crutcher, 1985;
Crutcher, 1987).

The functional impact of sympathetic sprouting on hip-
pocampal synaptic function has never been investigated. Bio-
chemical analysis shows that hippocampal cholinergic denerva-
tion reduces carbachol (CCh) stimulated phosphoinositide (PI)
hydrolysis and protein kinase C (PKC) activation, mediated by
combined activation of G -coupled M, and M receptors, to ap-
proximately one-half of that measured in control animals (Har-
rell et al., 1995; Ayyagari et al., 1996; Kolasa et al., 1997, 2000).
This deficit results from inefficient mAChR—-G-protein coupling
rather than from changes in mAChR expression (Harrell et al.,
1995; Ayyagari et al., 1996; Kolasa et al., 1997, 2000). Surprisingly,
CCh-stimulated PI hydrolysis is restored to normal levels when
sprouting from the SCG is allowed to occur (Harrell et al., 1995;
Kolasa et al., 1997), suggesting that sprouting restores mAChR—
G-protein coupling.

How the increase in adrenergic sympathetic innervation res-
cues cholinergic function is unresolved. It is also not known
whether the decreased mAChR signaling after denervation is sig-
nificant enough to interfere with normal mAChR-mediated
modulation of hippocampal synaptic function. Furthermore,
whether the normalization of mAChR-G-protein coupling by
sympathetic sprouting will affect or modulate transmission at
hippocampal synapses is untested.

Here, we show that, at CA3—CAL1 synapses, hippocampal cho-
linergic denervation causes a loss of a cholinergic-dependent
form of LTD. Remarkably, expression of this plasticity is rescued
by sympathetic sprouting. This rescue is precisely timed with
appearance of axons immunopositive for the vesicular acetylcho-
line transporter (VAChT), and their presence is completely de-
pendent on sprouting from the SCG. Our results suggest a pow-
erful communication between the CNS and the autonomic
nervous system, whereby the autonomic nervous system is di-
rectly responsible for reinnervating hippocampus with cholin-
ergic fibers, which preserves expression of a form of synaptic
plasticity. This mechanism highlights the ability of the nervous
system to maintain homeostasis in the face of neurodegeneration
so that normal synaptic function can continue.

Materials and Methods

Experiments were conducted with an approved protocol from the Uni-
versity of Alabama at Birmingham Institutional Animal Care and Use
Committee, in compliance with National Institutes of Health guidelines.

Electrophysiology. All experiments were performed using standard
methods (Scheiderer et al., 2004). Hippocampal slices (400 wm) were
prepared from 3- to 21-week-old Sprague Dawley rats. Animals were
anesthetized with halothane and decapitated. Coronal slices from the
dorsal hippocampus were cut using a vibratome in a modified artificial
CSF (aCSF) (in mm): 85 NaCl, 2.5 KCl, 4 MgSO,, 0.5 CaCl,, 1.25
NaH,PO,, 25 NaHCO3, 25 glucose, 75 sucrose, 2 kynurenic acid, and 0.5
ascorbate. After a 30 min postslice incubation, slices were stored in a
standard aCSF (in mm): 119 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3 MgSO,, 1
NaH,PO,, 26 NaHCO;, and 10 glucose, pH 7.4, containing 2 mm
kynurenic acid. For recordings, slices were transferred to a submersion
recording chamber and continuously perfused at 3—4 ml/min with oxy-
genated standard aCSF (without kynurenic acid) at 29°C-31°C. CA1l
extracellular dendritic field potentials were recorded with an Axopatch
2B amplifier (Molecular Devices, Sunnyvale, CA) using standard meth-
ods (Scheiderer et al., 2004). A stainless steel bipolar stimulating elec-
trode (FHC, Bowdoinham, ME) was placed in stratum radiatum to stim-
ulate Schaffer collateral axons, and a glass microelectrode filled with 2 m
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NaCl was used to record extracellular dendritic field potentials in CA1
stratum radiatum. The stimulus intensity was adjusted to yield a baseline
field EPSP (fEPSP) of 0.8—1.0 mV, and events were collected at 0.2 Hz.
The initial slope of the synaptic response was measured and plotted
versus time, with each point representing the average of five consecutive
data points. Data were acquired and stored using custom software writ-
ten in Labview (a gift from Richard Mooney, Duke University, Durham,
NC). Data are presented as mean = SEM. Statistical significance was
determined using Student’s ¢ test, and results were considered significant
at p < 0.05.

To characterize the properties of muscarinic LTD (mLTD), electro-
physiological recordings were performed in acute slices prepared from 3-
to 4-week-old animals. In most experiments, mLTD was induced using a
10 min bath application of 50 um CCh (Sigma, St. Louis, MO), consistent
with procedures published previously (Kirkwood et al., 1999). As shown
in Figure 1, other drug application methods could also induce mLTD,
but the 10 min application induced reliable and robust plasticity, so this
protocol was adopted for the majority of experiments unless indicated
otherwise. For experiments using the M, toxin to block M, receptors,
slices were incubated for =1 h in aCSF containing 100 nm M, toxin
(MTx-7; Peptides International, Louisville, KY) before being transferred
to a recording chamber. The effects of hippocampal cholinergic dener-
vation and sympathetic ingrowth on mLTD expression were assessed by
lesioning the medial septum, with either electrolytic stimulation or in-
traseptal injection of the specific cholinergic immunotoxin 192 IgG-
saporin, with and without bilateral superior cervical ganglionectomy to
either prevent or allow sympathetic ingrowth, respectively (for specifics,
see below). The effects of sympathetic sprouting on mLTD expression
were assayed at 4 weeks after electrolytic lesion and 12 weeks after 192
IgG-saporin lesion because ingrowth is well established at these times
(Loy and Moore, 1977; Crutcher, 1987; Harrell et al., 1995, 2001). To
assess the time course in which cholinergic denervation and hippocam-
pal sympathetic ingrowth affect mLTD expression, only electrolytic le-
sions were used, because these lesions result in a more defined timing of
cholinergic cell death. In these studies, electrophysiology and immuno-
histochemistry were performed 3 and 10 d after electrolytic lesion. Nor-
adrenergic (NE) LTD was induced by a 10 min application of the ol
agonist phenylephrine (100 um) (Scheiderer et al., 2004) and low-
frequency stimulation (LFS)-LTD was induced using 1 Hz stimulation
for 15 min (Dudek and Bear, 1992). In the LTP experiments, the initial
stimulus intensity was adjusted to produce a baseline fEPSP of 0.5 mV.
The high-frequency stimulus (HFS) protocol used to induce LTP con-
sisted of two 1 s trains of 100 Hz separated by 20 s. The stimulus intensity
was increased to 1.5X the baseline intensity during an HFS and returned
to the baseline level after an HFS.

Medial septal lesions and superior cervical ganglionectomy. Hippocam-
pal cholinergic denervation was performed using two methods to lesion
the medial septum. The electrolytic stimulation method offers the advan-
tage of a more defined timing of cholinergic cell death, but the lesion is
not specific to cholinergic cells; use of the immunotoxin 192 IgG-saporin
limits destruction to cholinergic neurons, but the degeneration takes a
period of days to occur. For the initial studies assessing the effects of
ingrowth, animals were killed at 4 weeks after electrolytic lesion (Loy and
Moore, 1977; Crutcher et al., 1981, 1987) and at 12 weeks after lesion
using the immunotoxin 192 IgG-saporin (Harrell et al., 2001), times at
which ingrowth is well established. Note that many studies using 192
IgG-saporin to lesion medial septum wait just 2—6 weeks after lesion
before commencing their studies; therefore, ingrowth is not present and
does not affect their experimental outcomes (for example, see Berger-
Sweeney et al., 1994; Heckers et al., 1994; Rossner et al., 1995). Animals
were anesthetized with ketamine (100 mg/kg) and xylazine (13 mg/kg)
administered intraperitoneally. For electrolytic lesion, a bipolar Teflon-
coated stainless steel electrode was lowered stereotaxically into the me-
dial septum, and current (3 mA X 25 s) was passed through the electrode
(Harrell et al., 1995; Kolasa et al., 1995, 1997). Sham lesioned animals
underwent the same procedure, but no current was applied. For immu-
notoxin lesion, 192-IgG-saporin was injected stereotaxically using a
Hamilton syringe (1 ug of toxin in 2.0 ul of PBS was injected over 5 min)
[Advanced Targeting Systems (San Diego, CA) lot numbers 21-107 and
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24-87] (Kolasa et al., 1995, 1997; Harrell et al., 2001). Sham lesioned
animals underwent the same procedure, but 2.0 ul of saline was injected
instead of the immunotoxin. We were not concerned about the loss of
GABAergic neurons by the toxin because intact GABA, receptor-
mediated inhibition is not required for mLTD expression (see Fig. 1),
and several studies report that GABAergic neurons are mostly spared at
concentrations close to or higher than those used in the current study
(Berger-Sweeney et al., 1994; Heckers et al., 1994; Hortnagl and Hellweg,
1997; Gu et al., 1998; McGaughy et al., 2002). Superior cervical gan-
glionectomies were performed via a neck incision to expose the carotid
arteries, followed by visualization and bilateral removal of the ganglia.
Ganglionectomies were performed on the day of the septal lesion, except
for experiments with unilateral ganglionectomy (see Fig. 7), which were
performed at 4 weeks after electrolytic lesion. For sham ganglionecto-
mies, the ganglia were exposed but not removed.

Analysis of all data were performed blind. Regarding the electrophys-
iology studies, experiments were performed in slices prepared from all
animals that underwent the surgical procedures because at the time of
acute slice preparation, it was not possible to know whether the lesion
was complete. Experiments were discarded if there was a >8% drift in
baseline transmission or a larger than normal stimulus intensity was
needed. Before data were collated into the final average, electrophysiol-
ogy experiments from animals were discarded when immunohistochem-
ical analysis of the medial septum indicated that the lesion was incom-
plete (~10% were incomplete with electrolytic stimulation and 30%
were incomplete with the immunotoxin lesion). In studies using immu-
nohistochemistry to assess the presence of sympathetic ingrowth, sec-
tions were only stained after first confirming the completeness of the
lesions.

Before surgery, adult male Sprague Dawley rats (8 weeks old) were
randomly assigned to four groups: (1) animals that underwent surgeries
but no lesions were made (sham, control); (2) animals with cholinergic
denervation and intact SCG to permit sympathetic sprouting; (3) ani-
mals with cholinergic denervation and bilateral superior cervical gan-
glionectomy to prevent ingrowth of sympathetic fibers; (4) animals with
bilateral ganglionectomy and sham medial septal lesion. Data obtained
from slices prepared from groups 1 and 4 were pooled, because there was
no difference in mLTD observed between these groups. In addition,
statistical analysis indicated no difference in mLTD expression in animals
with electrolytic and saporin lesions; therefore, these data were also
pooled. Data separated by lesion method are presented in supplemental
Figure 3 (available at www.jneurosci.org as supplemental material). Stu-
dent’s  test was used to compare results from lesioned and control ani-
mals. Significance was determined at p < 0.05.

Histology. Lesions were confirmed histochemically in medial septum
using the copper-thiocholine method to detect acetylcholinesterase, as
described previously (Naik, 1963; Harrell et al., 1995, 2005; Kolasa et al.,
1997; Harrell et al., 2001). To test for lesion completeness, tissue blocks
containing the septum were resectioned into 20 um coronal sections
using a cryostat. Sections (at 100 wm intervals) were stained with cresyl
violet and for acetylcholinesterase (AChE) using the copper thiocholine
method (Naik, 1963). Care was taken to compare the same anatomical
regions between animals. Lesions were considered complete only if AChE
staining was absent. Data from animals with incomplete lesions were
discarded. Example images demonstrating lesion completeness are
shown in supplemental Figure 2 (available at www.jneurosci.org as sup-
plemental material).

Immunohistochemistry. Animals were perfused with PBS, followed by
4% paraformaldehyde (PFA) in PBS. Brains were postfixed in 4% PFA
for 2 h, and then transferred to a solution of 30% sucrose in PBS over-
night. Tissue was resectioned to 40 wm on a freezing microtome. Sections
were washed three times for 10 min in PBS and then blocked in 10%
normal donkey serum (NDS) in 0.3% Triton X-100 PBS for 1 h. Primary
antibodies were diluted in 5% NDS in 0.3% Triton X-100 PBS [rabbit
anti-tyrosine hydroxylase (TH), 1:400; goat anti-vesicular acetylcholine
transporter (VAChT), 1:1000; all from Chemicon, Temecula, CA], ap-
plied to the free-floating sections, and incubated overnight at 4°C. Slices
were washed three times for 10 min with PBS followed by incubation
with fluorescently labeled secondary antibodies (donkey anti-rabbit Al-
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exa 594 and donkey anti-goat Alexa 488; 1:200; Molecular Probes, Carls-
bad, CA) for 1 h at room temperature. Slices were mounted on slides with
Permafluor (Immunon, Pittsburgh, PA) and examined on a Leica (Nus-
sloch, Germany) DM IRBE laser-scanning confocal microscope. Red and
green channels were scanned sequentially, and 20 wm stacks of images
were obtained in the z-axis at a 0.8 wm step size, averaging four scans per
image. A maximum projection was created and used for quantification.
VAChT-positive boutons were counted in a blind manner, with the cri-
terion that at least four consecutive boutons must be observed to be
classified as a fragment of axon and be counted. The entire field of view
(250 X 250 wm) was analyzed. Staining of all animal groups (sham
lesioned animals and animals with and without ingrowth) was done
simultaneously to control for variability in the staining reaction, and
both imaging and quantification were performed by an experimenter
with no knowledge of the nature of the lesion.

Results

Muscarinic M, receptors induce a Hebbian form of LTD at
CA3-CALl synapses

In visual and perirhinal cortex, application of the nonselective
cholinergic receptor agonist CCh induces LTD of glutamate
transmission that requires activation of muscarinic M; receptors
(Kirkwood et al., 1999; Massey et al., 2001). Here, in hippocam-
pal slices, we show that a 10 min application of 50 um CCh elicits
a transient depression of the dendritic CA3—CA1 fEPSP, consis-
tent with earlier and more recent reports (Valentino and Dingle-
dine, 1981; Auerbach and Segal, 1996; Kremin et al., 2005; Shinoe
etal., 2005), which is followed by LTD after agonist washout (Fig.
1A-D). The LTD can also be elicited with pulsatile CCh applica-
tion (10 ms puffs, 1 Hz, 10 min, 85 £ 4% of baseline, n = 6; data
not shown) or by three 1 min applications given at 2 min intervals
(n = 4; p > 0.8 when compared with a 10 min CCh application)
(Fig. 1D), indicating that prolonged agonist application is not
required.

To confirm that the CCh-induced LTD at CA3—CA1 synapses
requires activation of mAChRs rather than nicotinic acetylcho-
line receptors (nAChRs), we used the nonselective mAChR an-
tagonist atropine and the nAChR antagonist methyllycaconitine
(MLA) (10 uM, a concentration that will block all nicotinic re-
ceptor subtypes in hippocampus) (Alkondon and Albuquerque,
2004; Karadsheh et al., 2004) and found that the effects of CCh
were unaffected by MLA [n = 6; p > 0.6 when comparing mLTD
with (n = 6) and without (n = 6) MLA in interleaved experi-
ments] (Fig. 1 E) but were completely prevented by atropine (1
uM; n = 5; p > 0.5 when comparing baseline transmission to 40
min after CCh application) (Fig. 1 F). Thus, we have termed this
form of LTD muscarinic LTD. mLTD requires the activation of
the M, subtype of mAChRs because it was almost completely
prevented by the highly selective and irreversible M, toxin MTx-7
(Max et al., 1993a,b; Potter, 2001) [100 nm (Fig. 1G); p < 0.001
when comparing mLTD with (#n = 4) and without (n = 5) MTx-7
in interleaved experiments] and mLTD was blocked by the
mAChR antagonist pirenzepine at a concentration selective for
M, receptors (75 nMm) (Marino et al., 1998) (n = 5; p > 0.5 when
comparing before and 40 min after CCh application in pirenzepine)
(supplemental Fig. 1A, available at www.jneurosci.org as supple-
mental material). [Note that a higher concentration of pirenzepine
(10 uMm), often used to determine the involvement of M, receptors,
not only blocks mLTD but also the transient depression during CCh
application, demonstrating that this concentration is not selective
for M, receptors (supplemental Fig. 1B, available at www.jneuro-
sci.org as supplemental material).] Using the selective M, agonist
McN-A-343 (McN), mLTD is induced at the same magnitude as
with CCh (50 um; n = 15; p > 0.5 when compared with mLTD
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induced with CCh) (Fig. 1 H). Even at a con- A E.. 10 uM MLA
centration as low as 1 uM McN, in two of during I 8 5 1O T
three slices recorded, mLTD was clearly in- ‘r@k Yt//f_lo.s mv E é 05 - Control
duced (n = 2/3 slices) (C. L. Scheiderer, L. E. 19 ms 2h . « MLA
Dobrunz, and L. L. McMahon, unpublished 0o T 2 3 4 5 6
observations). Collectively, these data pro- B Cch F 1 uM atropine
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and without (n = 6) bicuculline] (Fig. 11),
indicating that a CCh-induced increase in
GABAergic inhibition (Pitler and Alger,
1992) is not the source of the mLTD.
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information about the presynaptic versus
postsynaptic locus of a synaptic effect
(Zucker, 1989; Dobrunz and Stevens,
1997), during mLTD expression com-
pared with baseline when induced with ei-
ther agonist (CCh, n = 7, p > 0.05; McN,
n=6,p >0.05) (supplemental Fig. 1C-D,
available at www.jneurosci.org as supple-
mental material). However, a significant
change in the PPF ratio does occur during
CCh application (i.e., transient depres-
sion) but not during application of McN
(CCh,n=7,p <0.05McN, n=6,p>
0.05) (supplemental Fig. 1C-D, available
at www.jneurosci.org as supplemental ma-
terial). This suggests that CCh activates
presynaptic mAChRs other than M, re-
ceptors to decrease release probability,
which explains the larger depression dur-
ing CCh application compared with McN.
The identity of the presynaptic mAChRs
that mediate the presynaptic depression continues to be investi-
gated, and probably more than one subtype is involved (Kremin
et al., 2005; Shinoe et al., 2005). Consistent with previous work
suggesting that the M; subtype is partially involved (Auerbach
and Segal, 1996), we find that the selective M, antagonist
4-diphenylactoxy-N-methylpiperidine (4-DAMP) (Ehlert, 1996)
decreases the CCh-induced transient depression (100 nm; 86 =+
5% of baseline fEPSP slope during CCh application in 4-DAMP;
n = 5 vsl4 £ 7% of baseline fEPSP slope in CCh application
alone; p < 0.05; data not shown). However, as expected for a M,
antagonist, 4-DAMP has no effect on the magnitude of mLTD
(82 = 4% of baseline fEPSP in 4-DAMP; n = 5; p > 0.05 vs CCh
alone; data not shown). This finding indicates that the presynap-
tic depression and mLTD are separate mechanisms and, more-
over, that the presynaptic depression is not required for mLTD
induction because the magnitude of mLTD is the same regardless
of whether it is induced with McN (which activates M, receptors
primarily) or with CCh (which will activate all mAChRs). Be-
cause the focus of this study is mLTD, complete pharmacological
characterization of the presynaptic depression was not pursued
further.

We next determined whether mLTD requires concurrent pre-
synaptic activity and postsynaptic activation of the NMDA sub-
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Activation of M, muscarinic acetylcholine receptors induces mLTD. A, Average of 20 consecutive fEPSPs from 2 min
before, during, and 30 min after 50 wm CCh application. Calibration: 0.5 mV, 10 ms. Traces were obtained from the experiment
shownin B. B, Asingle experiment demonstrating CCh-induced transient depression and mLTD after CCh washout. €, Summary of
seven experiments (during agonist application, 14 = 7% of baseline fEPSP, n = 7; duringmLTD, 76 = 2% of baseline fEPSP,n =
7,p < 0.05). D, mLTD can be induced by three 1 min applications of CCh given at 2 min intervals indicated by the arrows (73 =
4% of baseline, n = 6, p > 0.8 vs mLTD induced with the 10 min application). £, mLTD is not altered by 10 m MLA, a nicotinic
receptor antagonist (79 = 3% of baseline, n = 6, p > 0.6). F, The nonselective muscarinic antagonist atropine (1 tum) blocks the
transient depression and mLTD (97 = 3%, n = 5, p > 0.5). G, The highly selective M, receptor toxin MxT-7 (100 nm) almost
completely blocks mLTD (91.8 = 1.1% of baseline in MxT-7vs 76.9 == 1.9% of baseline in interleaved controls, n = 4 with toxin,
n = 5without toxin, p << 0.001). H, The selective M, receptor agonist McN-A-343 (50 wum) elicits mLTD of the same magnitude
as (Ch (77 = 1% of baseline duringmLTD, n = 15, p > 0.5). 1, The GABA, receptor antagonist bicuculline (10 wum) does not affect
mLTD (84 = 4% of baseline fEPSP slope in bicuculline, n = 4, p > 0.05 vs McN alone).

type of glutamate receptor (NMDAR). We find that mLTD is
NMDAR-dependent, because it is blocked in the presence of the
NMDAR antagonist D,L-2-amino-5-phosphopentanoic acid
(D,L.-APV) (100 um; n = 5; p > 0.5) (Fig. 2A,B). Furthermore,
mLTD requires presynaptic activity, because interruption of
stimulation during CCh application prevents induction of the
plasticity in that pathway when CA3 cell bodies are removed from
the slice (Fig. 2D) (n = 6; p < 0.05 between pathways). Removal
of CA3 cell bodies was necessary to reveal the activity dependence
because CCh induces theta-like rhythmic oscillations in these
cells (Williams and Kauer, 1997). These oscillations produce ac-
tivity at CA3—CAL1 synapses even in the absence of electrical stim-
ulation, masking the activity dependence of mLTD (Fig. 2C) (n =
8; p > 0.1 between pathways). Together, these data demonstrate
that mLTD is both an activity- and NMDAR-dependent form of
synaptic plasticity similar to other forms of hippocampal plastic-
ity believed to be important for learning and memory, thus
strengthening the idea that mLTD could participate in memory
formation.

Sympathetic sprouting rescues mLTD after

cholinergic denervation

To investigate whether mLTD expression is affected by cholin-
ergic denervation and hippocampal sympathetic ingrowth from
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First, we confirmed that mLTD can be
induced in slices from sham animals (Fig.
3A) (n = 11 slices/5 sham animals, p <
0.05; data from electrolytic and immuno-
toxin sham lesions were not significantly
different, p > 0.1). We found that the
amount of mLTD induced in sham ani-
mals is not different from that observed in
3- to 4-week-old control animals (p >
0.2), eliminating potential concerns re-
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garding age-dependent effects on induc-
tion or expression of mLTD. Subse-
quently, we show that mLTD expression is
completely absent in slices from animals
with cholinergic denervation combined
with bilateral ganglionectomy to prevent
sympathetic ingrowth from the SCG into
hippocampus (Fig. 3B) (n = 10 slices/5 an-
imals with bilateral ganglionectomy, p <
0.001 when compared with sham; data
from electrolytic and immunotoxin lesions
were not significantly different, p > 0.4).
This finding clearly demonstrates that intact
cholinergic innervation of hippocampus
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Figure2. mLTDis NMDAR-and activity-dependent. A, Single example and summary (B) of NMDAR dependence of mLTD. The

NMDAR antagonist b,.-APV (100 um) prevents mLTD, whereas CCh reapplication to the same slice after b,.-APV washout elicits
mLTD (95 = 7 of baseline in o,.-APV, n = 5; 72 = 5% of baseline without APV, n = 6; p << 0.05 == D,L-APV). Averaged traces
shown are from the experiment in A. C, Stimulation of two independent pathways in intact slices (82 = 5% of baseline in
stimulated path vs 77 = 5% of baseline in unstimulated path, n = 8, p > 0.05 between pathways) and in slices with CA3 cell
bodies removed (D; 78 = 6% of baseline in stimulated path vs 99 = 2% of baseline in unstimulated path, n = 6, p << 0.05
between pathways) demonstrates that mLTD is activity dependent. During CCh application, stimulation to one pathway is ceased
(unstimulated), whereas the other remains active (stimulated). All representative traces are averages of 20 waveforms from the

time points indicated by the numbers. Calibration: 0.5 mV, 10 ms.

the SCG, we compared the amount of LTD induced in slices from
animals with medial septal lesion with and without bilateral gan-
glionectomy. The first group of animals underwent surgery, but
no lesions were made (sham group). The second animal group
underwent medial septal lesion, either electrolytically or chemi-
cally with 192 IgG-saporin (see Materials and Methods), to cho-
linergically denervate hippocampus, and bilateral ganglionec-
tomy to prevent adrenergic sympathetic ingrowth. This animal
group allows the effect(s) of pure cholinergic denervation on
mLTD to be assessed in the absence of potentially compensating
effects of ingrowth on mAChR function and synaptic properties.
The third group of animals underwent medial septal lesion (elec-
trolytically or chemically), but the superior cervical ganglia were
left in place to allow for ingrowth to occur. In addition, a separate
group of animals underwent ganglionectomy alone; because data
from these animals were not different from sham lesions, these
data were pooled. Experiments were conducted at 4 weeks after
electrolytic lesion or 12 weeks after 192 IgG-saporin lesion, when
sympathetic ingrowth is well established (Loy and Moore, 1977;
Crutcher et al., 1981; Crutcher, 1987; Harrell et al., 2001). Com-
pleteness of lesions was confirmed in all animals and data were
discarded if the lesion was incomplete (see Materials and Meth-
ods and supplemental Fig. 2 for examples of lesion confirma-
tion). Because the data from animals with electrolytic and immu-
notoxin lesions were not significantly different, these data were
pooled. However, the data separated by lesion method are pre-
sented in supplemental Figure 3.

from medial septum is required for mLTD
expression. Surprisingly, mLTD expression
is at control levels in slices from animals with
cholinergic denervation and intact SCG to
allow sympathetic ingrowth to occur (Fig.
3C) (n = 16 slices/9 animals with intact gan-
glia, p > 0.9 when compared with sham le-
sion; data from electrolytic and immuno-
toxin lesions were not significantly different,
p >0.9). Itis important to note that the pre-
synaptic depression is not altered between
the three groups ( p > 0.5), indicating that
cholinergic denervation causes a selective deficit in M, receptor-
mediated effects on synaptic function, not a global deficit in musca-
rinic receptor signaling. Collectively, our findings reveal a novel
mechanism whereby sympathetic ingrowth modulates synaptic
transmission, rescues mLTD, and functionally compensates for loss
of hippocampal cholinergic innervation.

Loss of plasticity is specific for mLTD

Next, we tested whether the loss of mLTD after cholinergic de-
nervation is specific for this form of plasticity. First, LTP induced
by high-frequency stimulation (100 Hz tetanus, 1 s duration,
repeated twice) reaches the same magnitude in all animal groups,
indicating that cholinergic denervation and sympathetic in-
growth do not alter this form of plasticity (Fig. 4A) (n = 4 sham
lesion, n = 4 with intact ganglia to allow ingrowth, n = 5 with
bilateral ganglionectomy to prevent ingrowth; p > 0.6 between
groups). Subsequently, we find that LTD induced by LFS (1 Hz,
15 min) is unaffected by cholinergic denervation and bilateral
ganglionectomy to prevent ingrowth (Fig. 4B) (n = 6 slices/3
sham lesioned animals and n = 7 slices/3 animals with bilateral
ganglionectomy to prevent ingrowth; p > 0.8 between groups).
Even within the same slice in which mLTD cannot be induced,
LES-LTD can be readily elicited, clearly documenting specific
loss of mLTD (Fig. 4C) (n = 5 slices/3 animals with bilateral
ganglionectomy to prevent ingrowth; depression after CCh, p >
0.1; depression after LFS, p < 0.05). Moreover, NE LTD, a form
of LTD induced by activation of «l adrenergic receptors
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(Scheiderer et al., 2004), is not different
between groups, although this plasticity
shares mechanistic properties with mLTD
(100 uM phenylephrine; n = 8 slices/3
sham lesioned animals, n = 4 slices/3 ani-
mals with intact ganglia to allow ingrowth,
n = 6 slices/3 animals with bilateral gan-
glionectomy to prevent ingrowth; p > 0.5
between groups) (Fig. 4D). Because ACh
and NE can modulate one another’s re-
lease in hippocampus (Nilsson et al., 1992;
Kiss et al., 1999), it is important to note
that mLTD and NE LTD are separate plas-
ticities, because mLTD is not affected by
the a1 antagonist prazosin (10 uMm), and
NE LTD is unaffected by the mAChR an-
tagonist atropine (1 uM; C. L. Scheiderer,
L. E. Dobrunz, L. L. McMahon, unpub-
lished observations). Because NE LTD ex-
pression is normal, and a1 adrenergic and
M, muscarinic receptors both couple
through Gq, the loss of mLTD after cholin-
ergic denervation in the absence of ingrowth
cannot be explained by a general deficit in
G-protein-associated processes. Together,
these findings reemphasize that the struc-
tural rearrangements induced by medial sep-
tal lesion specifically affect mLTD.

Increased cholinergic innervation is
seen in animals with

sympathetic ingrowth

Our data demonstrate preservation of a
cholinergic-dependent synaptic plasticity
in hippocampus when adrenergic in-
growth of fibers from the SCG is stimu-
lated by loss of central cholinergic inner-
vation. How sympathetic fibers with an
adrenergic phenotype restore cholinergic
function in hippocampus is unknown. A
small percentage (<1%) of SCG neurons
are cholinergic (Schafer et al., 1998), and
sympathetic neurons, including those in
the SCG, are capable of gaining a cholin-
ergic phenotype or switching their pheno-
type altogether from adrenergic to cholin-
ergic (Furshpan et al., 1976; Potter et al.,
1981; Landis and Keefe, 1983; Wolinsky
and Patterson, 1983; Schafer et al., 1997,
1998; Francis and Landis, 1999; Yang et al.,
2002; Weihe et al., 2005). Therefore, we
entertained the possibility that sprouting
from the SCG might restore cholinergic
function, and thus mLTD expression, by re-
placing lost central cholinergic innervation
to hippocampus, potentially by any one, or
all, of these mechanisms. Thus, if the predic-
tion is correct, axons immunopositive for a
marker of cholinergic terminals should ac-
company adrenergic sympathetic ingrowth,
and accordingly, bilateral ganglionectomy
should prevent appearance of these potential
cholinergic fibers.
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on the right demonstrates the normal pattern of hippocampal cholinergic innervation (green). B, mLTD is lost in slices from
animals with medial septal lesion and bilateral superior cervical ganglionectomy to prevent sympathetic ingrowth (97 = 3% of
baseline, n = 10 slices/5 animals) ( p > 0.4 when comparing lesion methods; therefore, data are pooled; electrolytic lesions,
99 = 3% of baseline, n = 7slices/3 animals; 192 IgG-saporin lesions, 95 == 2% of baseline, n = 3 slices/2 animals). Illustration
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methods, therefore data are pooled; electrolytic lesions, 79 = 3% of baseline, n = 9 slices/5 animals; 192 IgG-saporin lesions,
79 == 5% of baseline, n = 7 slices/4 animals). The illustration on the right shows the absence of cholinergic innervation attrib-
utable to medial septal lesion and the pattern of sympatheticingrowth (red) when the ganglia remain intact. Calibration: 0.5 mV,
10 ms.
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bilateral ganglionectomy (131 == 11% of baseline, n = 5 slices/4 sham animals; 133 == 12% of baseline, n = 5 slices/4 animals
with intact ganglia to allow ingrowth; 138 == 5% of baseline, n = 9 slices/5 animals with bilateral ganglionectomy to prevent
ingrowth). B, LFS-LTD in slices from animals with bilateral ganglionectomy to prevent ingrowth is not different from the magni-
tude of LFS—LTD induced in slices from sham lesioned animals (70 = 6% of baseline, n = 7slices/3 animals with bilateral
ganglionectomy vs 72 == 7% of baseline, n = 6 slices/3 sham lesioned animals). C, mLTD expression is absent but LFS—LTD
expression is normal in slices from animals with bilateral ganglionectomy to prevent ingrowth (93 = 5% of baseline after CCh
application vs 74 == 6% of baseline after LFS, n = 5slices/3 animals with bilateral ganglionectomy to prevent ingrowth). D, LTD
induced by activation of a1 adrenergic receptors (NE LTD) by 100 wm phenylephrine is not altered in cholinergic denervated
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Figure 5.  VAChT-positive boutons are increased in hippocampus and dentate gyrus only when SCG are left intact to permit adrenergic sympathetic ingrowth. Noradrenergic fibers (originating
from both locus ceruleus and superior cervical ganglia) were identified using an antibody directed at TH; cholinergic fibers were identified using an antibody directed at VAChT. Analysis of sections
stained for TH (red) and VAChT (green) show that there are more VAChT-positive boutons (€, G, arrows) in CATand dentate gyrus in slices from animals with intact SCG to allow adrenergicingrowth
compared with slices from animals with bilateral ganglionectomy to prevent adrenergic ingrowth (A-C; VAChT-positive boutons in CA1: 267 = 32 boutons in animals with intact ganglia to allow
ingrowth, n = 6 animals vs 29 = 8 boutons in animals with bilateral ganglionectomy to prevent ingrowth, n = 9 animals; E-G; VAChT-positive boutons in dentate gyrus: 442 == 88 boutons in
animals with intact ganglia to allow ingrowth, n = 6 animals vs 19 = 4 boutons in animals with bilateral ganglionectomy to prevent ingrowth, n = 9 animals). VAChT-positive boutons were
counted inablind manner, with the criterion that at least four consecutive boutons must be observed to be classified as a fragment of axon and be counted. Bar charts demonstrate significantly more
VAChT-positive boutons in CA1 (D) and dentate gyrus (H) of animals with intact ganglia than those with bilateral ganglionectomy. G, Note the thick, TH-positive fibers indicative of adrenergic
sympatheticingrowth in dentate gyrus (arrowheads, red stained fibers) when SCG are left intact. At least three sections per animal were imaged and the number of boutons counted was averaged.

Scale bar, 40 m. **p < 0.001; ***p < 0.0001.

We tested this idea using double-immunofluorescent histo-
chemistry in hippocampal slices to label cholinergic and adren-
ergic fibers using antibodies against VAChT, the marker used
most often to identify cholinergic terminals (Schafer et al., 1998;
Wong et al., 1999; Ferguson et al., 2003; Hu et al., 2003; Weihe et
al., 2005) and TH, respectively. The presence of double labeling in
single fibers would be indicative of a gain in cholinergic pheno-
type (Weihe et al., 2005). As in previous experiments, complete-
ness of medial septal lesions was confirmed in all animals, and
data were discarded if the lesion was incomplete (see Materials
and Methods). To confirm the presence of adrenergic ingrowth,
dentate gyrus was examined for the presence of thick, TH-
positive fibers indicative of ingrowth because sympathetic
sprouting is most dense in this area (Loy and Moore, 1977; Ste-
nevi and Bjorklund, 1978; Crutcher et al., 1981). We found these
characteristic fibers in dentate gyrus and area CA3 (and rarely in
area CAl) of slices from animals with intact ganglia (Fig. 5G)
consistent with previous reports (Loy and Moore, 1977; Stenevi
and Bjorklund, 1978; Crutcher et al., 1981) but not in slices from
sham lesioned animals (Fig. 5E) or from lesioned animals with
bilateral ganglionectomy to prevent ingrowth (Fig. 5F).

We found virtually no VAChT-positive fibers in either CA1 or
dentate gyrus in slices from animals with medial septal lesion and
SCG hbilaterally removed to prevent ingrowth, demonstrating
that the medial septal lesions were complete (Fig. 5B,F) (CAl:
1.0 = 0.3% of control; dentate gyrus: 1.7 = 0.4% of control; n =
9 animals; p < 0.0001 compared with sham lesion). In support of
our hypothesis, in slices from animals with intact ganglia to per-
mit sympathetic ingrowth, we found a striking number of
VAChT-positive fibers with obvious boutons in area CA1 (Fig.

5C) (14 = 2% of control; n = 6 animals with intact ganglia, n =
9 animals with bilateral ganglionectomy; p < 0.0001 compar-
ing * bilateral ganglionectomy), suggesting the possibility that
new cholinergic fibers are present in hippocampus. These
VAChT-positive fibers are also present in dentate gyrus, as would
be expected if sprouting from the SCG is responsible (Fig. 5E-H)
(38 = 8% of control; n = 6 animals with intact ganglia, n = 9 with
bilateral ganglionectomy; p < 0.0001 comparing = bilateral gan-
glionectomy). We did not see colocalization of VAChT and TH
within single fibers, indicating that the VAChT-positive fibers are
nota result of a gain of cholinergic phenotype by adrenergic SCG
neurons. However, this does not rule out a potential switch from
adrenergic to cholinergic phenotype that has occurred before the
4 week time point.

Cholinergic reinnervation temporally correlates with the
rescue of mLTD

If the sprouted VAChT-positive fibers are directly responsible for
the rescue of mLTD, the time course of their appearance and the
reestablishment of mLTD expression should directly overlap. To
test this prediction, we did a time course study using electrolytic
lesions, because this method provides more defined timing of
cholinergic cell death. We first examined 3 d after electrolytic
medial septal lesion, a point when cholinergic degeneration is still
occurring and before ingrowth begins (Crutcher, 1987). Consis-
tent with this, the number of VAChT positive boutons, although
decreased, still remains >30% of control levels in area CAl in
animals with medial septal lesion with and without bilateral gan-
glionectomy, indicating that the degeneration is not yet complete
(Figs. 6A-C, 7) [36 = 15% of control in slices from lesioned
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animals with bilateral ganglionectomy
(n = 4) and 32 = 12% of control in slices
from lesioned animals with intact ganglia
(n = 4); p > 0.5 between groups]. In addi-
tion, at this time mLTD expression is intact
in slices from all three animal groups (Fig.
6D) (p > 0.05 between groups). This indi-
cates that the cholinergic innervation that re-
mains is still enough to support mLTD in-
duction and therefore that M,-Gq coupling
is still intact.

Subsequently, we examined 10 d after
medial septal lesion, a point at which cen-
tral cholinergic afferents have degenerated
and at which ingrowth is beginning to be
established in animals with intact ganglia
(Crutcher, 1987). VAChT staining at this
time point shows that the density of cho-
linergic boutons in slices from lesioned an-
imals with bilateral ganglionectomy (to
prevent ingrowth) is down to only 1 + 1%
of the control level seen in sham lesioned
animals (Figs. 6E-G, 7) (n = 5 animals
with ganglionectomy to prevent ingrowth;
p < 0.001 when compared with sham le-
sioned animals). mLTD expression is now
absent (Fig. 6 H) (n = 10 slices/5 animals
with bilateral ganglionectomy; p < 0.01
when compared with sham lesioned ani-
mals). In sharp contrast, VAChT staining
shows that the density of cholinergic bou-
tons has increased from 1% of control in
lesioned animals with ganglionectomy to
15 & 1% of control in slices from lesioned
animals with intact ganglia and ingrowth,
(Figs. 6F, G, 7) (n = 6 animals with intact
ganglia; p < 0.01 when comparing with or
without bilateral ganglionectomy). Im-
portantly, mLTD is clearly present in slices
from these animals (Fig. 6 H) (n = 10 slic-
es/5 animals with intact ganglia; p < 0.01).
Even at this early time point, we did not
observe fibers double labeled for VAChT
and TH. Together, these data show that
both mLTD expression and VAChT stain-
ing are lost within 10 d of medial septal
lesion with bilateral ganglionectomy, and
that, in animals with intact ganglia and in-
growth, the rescue of mLTD occurs coin-
cidentally with the SCG-dependent ap-
pearance of VAChT-positive fibers in
hippocampus.

Unilateral ganglionectomy removes
cholinergic reinnervation only from the
ipsilateral side

Our data clearly indicate that the SCG is
required for the reappearance of VAChT-

positive fibers in CA1 after medial septal lesion. Subsequently, we
reasoned that, if the VAChT-positive fibers originate from the
SCG, removing one ganglion unilaterally at a time when sprout-
ing is well established should cause these fibers to rapidly disap-
pear on the ipsilateral side. To test this idea, unilateral gan-
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Figure 6.  Cholinergic reinnervation is temporally correlated with the rescue of mLTD expression. A-C, Three days after elec-

trolytic lesion: immunohistochemical staining demonstrates VAChT (green) and TH (red) distribution in area CATin sham lesioned
animals (n = 4animals), animals with intact ganglia (ingrowth possible, n = 4 animals), and animals with bilateral ganglionec-
tomy (no ingrowth possible, n = 4 animals). VAChT-positive boutons are decreased relative to control (4) in animals with
ganglionectomy (B; no ingrowth possible; 766 = 333 boutons, n = 3 animals) and with intact ganglia (C; ingrowth possible;
684 = 275 boutons, n = 3 animals). Note (in €) that because adrenergic ingrowth does not appear (in animals with intact
ganglia) until at least 7 d after medial septal lesion, no thick TH-positive fibers are observed. D, mLTD can be induced in slices from
animals in all experimental groups at 3 d after medial septal lesion with or without ganglionectomy [76 = 3% of baseline, n =
9 slices/4 animals with sham lesion; 80 == 3% of baseline, n = 9 slices/4 animals with ganglionectomy (no possible ingrowth);
78 = 2% of baseline, n = 11slices/4 animals with intact ganglia (ingrowth possible)]. E-G, Ten days after electrolytic lesion,
immunohistochemical staining shows that the number of VAChT-positive boutons is significantly reduced in slices from animals
with ganglionectomy (no ingrowth possible; F; 73 = 20 boutons, n = 5 animals) compared with those with intact ganglia
(ingrowth possible; G; 351 = 86 boutons, n = 6 animals). H, At 10 d after lesion, mLTD can be induced in slices from sham
lesioned animals (79 = 3% of baseline, n = 14slices/5 animals) and in animals with intact ganglia (ingrowth possible; 70 == 4%
of baseline, n = 10 slices/5 animals) but not in slices from animals with ganglionectomy (no possible ingrowth; 96 = 8% of
baseline slope, n = 10slices/5 animals). At least three sections per animal were imaged, and the number of boutons counted from
the imaged sections were averaged. Scale bar, 40 m.

glionectomies were performed 4 weeks after electrolytic medial
septal lesion, and VAChT staining was performed on ipsilateral
and contralateral hippocampal sections obtained from animals
killed 5-7 d after ganglion removal. Confirming our prediction,
virtually no VAChT-positive boutons were found in slices from
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Figure7. Time-dependent alterations in the number of VAChT-positive boutons after cho-

linergic denervation. Control VAChT staining is not significantly different in sham lesioned an-
imals at the different time points. The number of VAChT-positive boutons continually decreases
with time in slices from animals with ganglionectomy (no ingrowth possible), but this temporal
decrease is not seen in slices from animals with intact ganglia (ingrowth possible). Unilateral
ganglionectomy, performed 4 weeks after medial septal lesion when cholinergic reinnervation
is well established, removes the VAChT-positive boutons from the ipsilateral side, whereas the
cholinergic reinnervation on the contralateral side remains intact, indicating that the cholin-
ergic reinnervation comes from the superior cervical ganglia (56 == 42 boutons ipsilateral vs
508 = 95 boutons contralateral, n = 4 animals). Animals were killed 5-7 d after the unilateral
ganglionectomy. At least three sections per animal were imaged, and the number of boutons
counted from the imaged sections were averaged. Asterisks indicate significance from animals
without adrenergic ingrowth (ganglionectomy). *p << 0.01; **p << 0.001.

the ipsilateral hippocampus after unilateral ganglionectomy. In
fact, the number of VAChT-positive boutons was decreased by
89 = 8% on the ipsilateral side compared with the contralateral
side (Fig. 7, far right) (n = 4 animals; p < 0.001). These data
indicate that not only is the SCG responsible for the appearance
of the VAChT-positive fibers, it appears to be the source of these
fibers.

Discussion

We report the novel finding that a cholinergic-dependent LTD
with Hebbian properties at hippocampal CA3—CAL1 synapses is
preserved, despite central cholinergic cell loss after medial sep-
tum lesion, by sprouting of sympathetic fibers originating from
the SCG. The sympathetic sprouting stimulates an unexpected
cholinergic reinnervation (new VAChT-positive fibers) of hip-
pocampus, the appearance of which is tightly coupled temporally
with the rescue of the M; mAChR-dependent LTD. Intact SCG
are required for both the appearance of VAChT-positive fibers
and the mLTD rescue because these fibers and mLTD expression
are absent in slices from animals with bilateral superior cervical
ganglionectomy. This novel mechanism is a striking demonstra-
tion of direct interaction between the autonomic nervous system
and the CNS, the consequence of which is the preservation of a
cholinergic-dependent LTD at a set of central synapses known to
be critical for normal learning and memory. This reinstatement
of cholinergic innervation in hippocampus by the autonomic
nervous system is a unique example of an attempt by the nervous
system to maintain homeostasis in the face of neurodegeneration
so that normal synaptic function can continue.

Source of the VAChT-positive fibers

Although the SCG is absolutely required for the cholinergic rein-
nervation to occur, the exact origin of the VAChT-positive fibers
in hippocampus is not known. However, the rapid loss of these
fibers, which occurs within 5-7 d after unilateral ganglionectomy

J. Neurosci., April 5, 2006 - 26(14):3745-3756 * 3753

performed at a time when reinnervation is well established,
strongly suggests that the SCG is directly responsible for, and
likely the source of, the cholinergic reinnervation. Sympathetic
neurons, including those in the SCG, have the unique ability to
gain a cholinergic phenotype and/or functionally alter their phe-
notype from adrenergic to cholinergic (Furshpan et al., 1976;
Potter et al., 1981; Landis and Keefe, 1983; Wolinsky and Patter-
son, 1983; Schafer et al., 1997, 1998; Francis and Landis, 1999;
Yang et al., 2002; Weihe et al., 2005). Thus, the VAChT-positive
fibers in hippocampus may arise from a gain of cholinergic func-
tion or an adrenergic to cholinergic phenotype switch. This idea
is supported by the fact that NGF, which triggers sympathetic
ingrowth after septal lesion (Crutcher, 1987), can also induce
sympathetic neurons to undergo a phenotype switch (Landis et
al., 1985; Madziar et al., 2005). We do not find costaining of
VAChT and TH in single fibers, suggesting no gain of cholinergic
function by noradrenergic SCG neurons. However, this does not
rule out a phenotype switch, which might be undetectable if TH
expression decreases before VAChT expression becomes measur-
able. Alternatively, VAChT-positive fibers possibly arise from se-
lective sprouting of SCG neurons that normally have a cholin-
ergic phenotype, although these neurons make up <1% of the
total SCG neuron population (Schafer et al., 1998).

Another possibility is that adrenergic sympathetic sprouting
stimulates sprouting of cholinergic parasympathetic axons that
innervate the cerebral vasculature (Suzuki et al., 1990). This
would require the release of a factor from the sprouted SCG
axons near the parasympathetic axons to stimulate their sprout-
ing. Interactions between the sympathetic and parasympathetic
systems have been reported previously (Hasan and Smith, 2000;
Smith et al., 2002); however, there is no information that sympa-
thetic sprouting can induce parasympathetic sprouting. Further-
more, the rapid loss of the new cholinergic fibers after unilateral
ganglionectomy argues against this mechanism because it would
require that the adrenergic sympathetic fibers degenerate quickly
enough for the parasympathetic fibers to feel the absence of the
factor and degenerate, all in the space of 5 d. This is unlikely,
because our immunohistochemistry data show that it takes >3 d,
and perhaps as long as 10 d, for central cholinergic fibers to
completely degenerate after electrolytic lesion of medial septum.

The cholinergic reinnervation we observe after medial septal
lesion could also occur as a consequence of hippocampal cholin-
ergic denervation induced by fimbria-fornix lesion, because this
lesion method also stimulates adrenergic sympathetic sprouting
(Loy and Moore, 1977; Crutcher, 1987; Jackisch et al., 1999).
Because the density of VAChT-positive boutons is modest, reach-
ing only ~15% of normal innervation, we speculate that previous
studies using both septal and fimbria-fornix lesions assumed that
the cholinergic innervation remaining after lesion is central fibers
that have escaped injury. Importantly, the impact of this mod-
est cholinergic reinnervation is powerful, and as we report
here, its compensatory effects on mLTD expression can only
be noticed after bilateral superior cervical ganglionectomy.
Future studies should consider possible compensatory effects
of this sympathetic driven cholinergic reinnervation. Poten-
tially, this reinnervation could explain why some studies have
not observed negative effects of central cholinergic lesions on
hippocampal-dependent learning.

Altered M, signaling after cholinergic denervation

and ingrowth

In hippocampus, several studies show that M, receptor—Gq cou-
pling and subsequent PI turnover is compromised in humans
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with AD and in animal models after loss of cholinergic innerva-
tion (Pearce and Potter, 1991; Ferrari-DiLeo and Flynn, 1993;
Ferrari-DiLeo et al., 1995; Ladner et al., 1995; Ladner and Lee,
1998; Potter et al., 1999, 2002; Muma et al., 2003; Kelly et al.,
2005). However, in cortex, muscarinic stimulation of PI turnover
after lesion of the cholinergic basal forebrain is much less affected
(Rossner et al., 1995), which could result from activity of cholin-
ergic interneurons in cortex that maintains receptor coupling.
Thus, we hypothesize that, although the density of the newly
sprouted cholinergic fibers in hippocampus is quite low, they
must provide enough cholinergic activity to reestablish M, recep-
tor—Gq coupling and rescue mLTD. This seems plausible because
maximal stimulation of PI hydrolysis occurs by stimulating only
15% of the total number of M, receptors expressed in hippocam-
pus (Porter et al., 2002). The tight temporal relationship between
the rescue of mLTD expression and the reappearance of VAChT-
positive boutons throughout hippocampus lends strong support
to the idea that the cholinergic reinnervation is causal to mLTD
rescue. Our findings imply that the limiting factor in mLTD in-
duction is efficient M, receptor—G-protein coupling, because the
number of M, receptor binding sites increases in response to
cholinergic denervation (Harrell et al., 1995; Rossner et al., 1995).
However, NE LTD requires Gq-coupled a1 adrenergic receptors,
yet it is still present in slices from animals without ingrowth that
do not express mLTD. This underscores the fact that the mole-
cules downstream of M, receptors are available and function,
strengthening the idea that the defect must be at the level of
M,-Gq coupling. In addition, the lack of a deficit in LTP and
LFS-LTD in this experimental group demonstrates that the syn-
apses are not generally impaired in their ability to express plas-
ticity. These data indicate that the deficit is specific for M,
receptor-dependent LTD expression.

It is interesting to note that the transient presynaptic depres-
sion during CCh application, which is mediated in part by M;
receptors, is unchanged in all experimental animal groups (Fig.
3A,B). Together, these data show that M; receptors do not re-
quire intact cholinergic innervation to maintain efficient cou-
pling. Therefore, not all cholinergic mechanisms are impaired by
cholinergic denervation. Why Mj; receptors are resistant to un-
coupling after loss of acetylcholine is currently not understood.
Perhaps the geometry or lipid composition of the presynaptic
terminal in the vicinity of M5 receptors somehow protects them
from becoming uncoupled from Gq during loss of agonist; how-
ever, this remains to be determined.

Cholinergic innervation and synaptic plasticity

M, receptors have been implicated in cholinergic-dependent
cognitive processes (Bodick et al., 1997; Ghelardini et al., 1999;
Anagnostaras et al., 2003). Knock-down or knock-out of M, re-
ceptors impairs memory formation in rodents (Ghelardini et al.,
1999; Anagnostaras et al., 2003). Because mLTD is mediated by
M, receptors, this synaptic modulation may be a mechanism by
which these receptors affect cognition.

The role of LTD as a substrate for learning and memory is
beginning to be appreciated (Xu et al., 1998; Braunewell and
Manahan-Vaughan, 2001). Exposure to a novel environment en-
hances the induction of LTD in the CAl region (Manahan-
Vaughan and Braunewell, 1999), emphasizing the important role
of LTD in thislearning behavior. In addition, impairment of LTD
correlates with poor spatial memory (Nakao et al., 2002; Lee et al.,
2003). Thus, a form of LTD dependent on cholinergic modula-
tion of hippocampal synaptic function, as reported here, may be
critical for normal learning and memory. This is supported by the
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work of Hasselmo and colleagues (for review, see Hasselmo,
1999), which demonstrates that cholinergic suppression of exci-
tatory transmission in hippocampus is critical for encoding new
information because it prevents interference from previously en-
coded memories.

M, receptor signaling is altered in AD (Ladner et al., 1995),
which is believed to contribute to memory deficits. Furthermore,
M, receptors appear to be a useful target for AD therapy (Bodick
et al., 1997; Fisher et al., 2003). Because sympathetic ingrowth
impacts M, receptor function, and it has been found in hip-
pocampus of some AD patients (Booze et al., 1993), a better
understanding of the cellular mechanisms that both encourage
and inhibit sprouting, as well as how synaptic function is modu-
lated as a result, could have significant clinical impact for neuro-
degenerative diseases involving the cholinergic system.
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