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Trans-Synaptic Stimulation of Cortical Acetylcholine
Release after Partial 192 IgG-Saporin-Induced Loss of Cortical

Cholinergic Afferents

Jim Fadel, Holly Moore, Martin Sarter, and John P. Bruno
Department of Psychology and Neuroscience Program, The Ohio State University, Columbus, Ohio 43210

Environmental and pharmacological stimulation of cortical ace-
tylcholine (ACh) efflux was determined in rats sustaining partial
deafferentation of cortical cholinergic inputs. Rats were bilater-
ally infused with the selective cholinotoxin 192 IgG-saporin
(0.005 wg/0.5 ul/site) into the frontoparietal cortex. In the first
experiment, animals were pretrained to associate the onset of
darkness with presentation of a palatable fruit cereal reward.
The ability of this stimulus to enhance frontoparietal ACh efflux
alone, and with the benzodiazepine receptor (BZR) weak in-
verse agonist ZK 93,426 (1.0 or 5.0 mg/kg, i.p.), was deter-
mined in lesioned and sham-lesioned rats. Intracortical infu-
sions of 192 IgG-saporin reduced basal cortical ACh efflux by
47% of sham-lesioned values, consistent with reductions in the
density of AChE-positive fibers. In spite of this deafferentation,
ZK 93,426 produced a transient potentiation of the cortical ACh
efflux induced by the darkness/cereal stimulus similar to that

observed in control animals. In the second experiment, the
ability of the more efficacious BZR partial inverse agonist FG
7142 (8.0 mg/kg, i.p.) to enhance basal cortical ACh efflux was
compared in lesioned and sham-lesioned rats. Again, lesioned
rats exhibited an increase comparable to control animals after
FG 7142. This drug-induced stimulation of cortical ACh efflux
was comparably and completely blocked in both groups by
co-perfusion with tetrodotoxin (1.0 um). These results suggest
similarities in the modulation of cortical ACh efflux in intact and
partially deafferented rats and indicate the potential of BZR
inverse agonists for restoring transmission in animals with par-
tial loss of cortical cholinergic inputs.
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Loss of cholinergic inputs to telencephalic areas is associated with
normal human aging and dementia (Bowen et al., 1976; Perry et
al.,, 1977, 1992; Whitehouse et al., 1982). Decreases in markers of
the activity of cortical acetylcholine (ACh) selectively correlate
with the severity of the dementia (Sims et al., 1983; Palmer et al.,
1987a,b; DeKosky et al., 1992). The effects of lesions of the
cholinergic system in animals supported the hypothesis that loss of
cholinergic inputs to the cortex impairs cognition (Robbins et al.,
1989; Muir et al., 1992, 1994; Voytko et al., 1994; McGaughy et al.,
1996). Therefore, efforts to develop pharmacological therapies for
the cognitive disorders associated with cholinergic hypofunction
have focused on cholinomimetic mechanisms.

Traditional approaches to the stimulation of muscarinic neuro-
transmission produced only limited beneficial cognitive effects
(Traub and Friedman, 1992; Sahakian et al., 1993; Soares and
Gershon, 1995). These approaches assume that cholinergic trans-
mission in telencephalic areas acts largely by tonically stimulating
postsynaptic receptors, a supposition which predicts that a loss of
presynaptic neurons could be functionally compensated for by
muscarinic agonists or cholinesterase inhibitors. The complex
cognitive functions mediated by cholinergic neurons, however, are
more likely the result of phasic, stimulus-bound changes in the
activity of presynaptic neurons (Sillito and Murphy, 1987). Con-
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sequently, postsynaptic receptor stimulation independent of pre-
synaptic activity is not expected to yield beneficial cognitive effects
(Drachman, 1978). An alternative pharmacological strategy to
treating the consequences of cholinergic cell loss is to focus on the
augmentation of residual phasic presynaptic functions (Sarter et
al., 1990; Sarter and Bruno, 1994, 1996a,b).

The neurobiological foundations of the GABAergic regulation
of basal forebrain cholinergic neurons have been reviewed else-
where (Sarter et al., 1990; Decker and McGaugh, 1991; Bruno and
Miller, 1994; Sarter and Bruno, 1994; Sarter et al., 1994). Because
benzodiazepine receptor (BZR) ligands allosterically modulate
GABAergic transmission, weak or selective BZR inverse agonists
(Sarter et al., 1990; Miller, 1994), by virtue of their ability to
negatively modulate GABA, have been hypothesized to augment
the activity of basal forebrain cholinergic neurons, thereby allevi-
ating the cognitive impairments resulting from partial loss of
cholinergic neurons (Sarter et al., 1988; Sarter and Steckler, 1989;
Holley et al., 1993; Sarter et al., 1994).

Previous studies in intact animals assessing cortical ACh efflux
in vivo demonstrated that such BZR inverse agonists, adminis-
tered systemically or into the basal forebrain, potentiate the
increases in cortical ACh efflux that are induced by behavioral or
cognitive activation (Moore et al., 1992, 1993, 1995a; Sarter and
Bruno, 1994). The efficacy of this trans-synaptic modulation of
cortical ACh efflux in subjects with cholinergic cell loss requires
that the remaining cholinergic terminals in these subjects be
capable of enhanced ACh release. Although some studies in
animals and humans have provided indirect evidence for the
assumption that the remaining cholinergic terminals in demented
humans and in lesioned animals can increase their capacity for
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ACh synthesis and release (Kish et al., 1990; Pascual et al., 1991;
Cossette et al., 1993; Holley et al., 1993), direct evidence for such
plasticity has been lacking. The present experiment characterizes
the in situ capacity of a diminished cholinergic system to respond
to behavioral and pharmacological stimulation.

Loss of cholinergic inputs into the cortex was achieved after
intracortical infusions of the immunotoxin 192 IgG-saporin
(Wiley, 1992; Heckers et al., 1994; Torres et al., 1994; Wenk et al.,
1994). Previous experiments supported the assumption that intra-
cortical infusions of 192 IgG-saporin selectively lesion cholinergic
inputs to the infusion area while sparing other fiber systems
(Holley et al., 1994). Although intrabasalis infusions of the toxin
may spare the cholinergic projections to the cortex (Heckers et al.,
1994), the effects of intracortical infusions on cortical ACh efflux
can be attributed to the cortical effects of this toxin. The interac-
tions between the effects of the BZR-selective inverse agonist ZK
93,426 (Jensen et al., 1984; Sarter et al., 1990) and “activated”
cortical ACh efflux in lesioned and sham-lesioned animals were
tested. We attempted to “activate” ACh efflux using a pretrained
stimulus consisting of the onset of darkness associated with a
palatable food (Moore et al., 1992, 1993, 1995a; for other behav-
ioral methods to activate ACh efflux, see Inglis et al., 1994; Inglis
and Fibiger, 1995). Furthermore, the ability of the BZR partial
inverse agonist FG 7142 to increase cortical ACh efflux in lesioned
animals was tested. FG 7142 was found previously to stimulate
basal ACh efflux in intact animals (Moore et al., 1995b). Thus,
the experiments described below collectively assess the effects
of partial loss of cortical cholinergic inputs on basal as well as
on behaviorally and pharmacologically stimulated cortical ACh
efflux.

EXPERIMENT 1: ZK 93,426 AND BEHAVIORALLY
STIMULATED ACh EFFLUX

Materials and methods
Animals

Young adult (4-7 months of age) male F344/BNNia rats (National
Institute of Aging Colony, Charles River, Wilmington, MA) were main-
tained in a temperature- and humidity-controlled environment on a 12 hr
light/dark cycle (lights on at 6 A.M.) with food and water freely available.
Animal care and experimentation were performed in accordance with
protocols approved by the Ohio State University Institutional Laboratory
Animal Care and Use Committee. All animals were handled extensively
for several days before surgery.

Surgery

Surgery was performed under aseptic conditions on animals anesthetized
with sodium pentobarbital (60 mg/kg, i.p.). A frozen stock solution of the
cholinergic immunotoxin 192 IgG-saporin (0.75 ug/ul, in Dulbecco’s
saline; a gift from Dr. R. G. Wiley, Veterans Administration Medical
Center and Vanderbilt University, Nashville, TN) was prepared and
purified as described previously (Wiley and Lappi, 1993). The stock
solution was diluted with Dulbecco’s saline to a working concentration of
0.01 pg/ul. Animals received bilateral infusions of the toxin (n = 7) or its
vehicle solution (n = 7) into frontoparietal cortex (three infusion sites/
hemisphere; 0.5 pl/infusion) at the following coordinates, relative to
Bregma: anterior (AP) —0.6 mm, lateral (L) =3.0 mm, ventral (DV) —1.5
mm (from cortical surface); AP +2.4 mm, L £3.0 mm, DV —1.5 mm; and
AP +4.5 mm, L £2.7 mm, DV —1.2 mm. This dose of 192 IgG-saporin,
administered into cortex, has been shown to result in a specific, partial
loss of acetylcholinesterase (AChE)-positive fibers in the infused areas
(Holley et al., 1994). Animals were given injections of penicillin (30,000
U, im.) and 10% glucose in saline (2-3 ml, i.p.) at the conclusion of
surgery.

Animal handling and habituation to the microdialysis testing chambers
continued during the next 2 weeks, with training during the second week
(see below). Two weeks after the initial surgery, each animal was im-
planted with a stainless steel microdialysis guide cannula (0.65 mm outer
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diameter; CMA Microdialysis, Acton, MA) at a 45° angle into the right
frontoparietal cortex through the hole previously drilled for the middle
toxin or vehicle infusion site. The cannula tip was lowered 1.5 mm below
the dural surface and permanently fixed to the skull with stainless steel
screws and dental cement. Anesthesia, surgical conditions, and care after
surgery were identical to those described above for the initial surgery.

Behavioral training

Animals were handled and habituated to the microdialysis testing cham-
bers (parabolic, clear plastic bowls; 35.0 cm height, 38.0 cm diameter;
Carnegie Medicin, Stockholm, Sweden) and to injections (intraperitone-
al) of normal saline during the 2 week period between intracortical
infusions of 192 IgG-saporin or its vehicle solution and the implantation
of microdialysis guide cannulae. During the second week, animals were
trained to associate the onset of darkness in the testing room with the
presentation of palatable food (a piece of fruit-flavored cereal), a ma-
nipulation that reliably increases cortical ACh efflux (Moore et al., 1992,
1993, 1995a). Between 9:00 and 10:00 A.M., the rats were placed in the
testing bowls; 4-5 hr later, the lights in the testing room were extin-
guished, followed within 30 sec by the presentation of one piece of cereal.
After 7 consecutive days of this training, the latency of the animals to
consume the cereal was <30 sec. No difference in latency between
lesioned and sham-lesioned control groups was observed during training
or testing.

Microdialysis protocol

After guide cannula implantation, the animals were allowed a 3 d recov-
ery period during which habituation and training continued. The first
microdialysis session was performed on the fourth day after surgery. Each
animal received three microdialysis sessions, with a nondialysis day be-
tween sessions. We have demonstrated previously the validity of this
repeated dialysis design for studying the modulation of cortical (Moore et
al., 1995b) and striatal (Johnson and Bruno, 1995) ACh efflux.

On each test day, the animals were habituated to the testing chamber
for 30 min before insertion of the concentric microdialysis probe (0.5 mm
outer diameter, 2.0 mm membrane tip, 6000—8000 MW cutoff; CMA
Microdialysis). The probes were then perfused at a flow rate of 2.0 wl/min
with an artificial cerebrospinal fluid (aCSF) containing (in mm): 126.5
NaCl, 27.5 NaHCO;, 2.4 KCl, 0.5 Na,SO,, 0.5 KH,PO,, 1.1 CaCl,, 0.8
MgCl,, and 4.9 p-glucose, and 0.5 uM neostigmine bromide (Sigma, St.
Louis, MO). Collection of dialysates began 3 hr after probe insertion, a
time point at which basal cortical ACh efflux is stable and dependent on
axonal depolarization in the region surrounding the probe (Moore et al.,
1992). Six consecutive 15 min baseline dialysate samples were then
collected.

After the last baseline collection, each animal received an injection of
the BZR-selective inverse agonist ZK 93,426 (1.0 or 5.0 mg/kg, i.p.; Lot
Pe6642K1, Schering AG, Berlin, Germany) or its vehicle solution, 10%
Cremephor EL (CEL) (BASF, Ludwigshafen, Germany) in saline. Only
one dose was administered per microdialysis session, and each animal
received all three doses, counterbalanced across sessions. Fifteen minutes
after injection of drug or vehicle solution, the lights in the testing room
were extinguished, and the animal was presented with a piece of fruit-
flavored cereal. Six additional 15 min dialysate samples were then col-
lected while the lights remained off.

ACh analysis

ACh in each dialysate was quantitated by HPLC with electrochemical
detection (Potter et al., 1983; Tyrefors and Carlsson, 1990). ACh and
choline were separated by a C18 carbon polymer column (530 X 1 mm;
Bioanalytical Systems, West Lafayette, IN) using a mobile phase, pH 8.5,
containing 30 mM NaH,PO, and 20 ppm of the microbicide ProClin
(Rohm and Haas, Philadelphia, PA). Postcolumn derivatization of ACh
and choline was achieved by an immobilized enzyme reactor column
(Bioanalytical Systems) containing covalently bound AChE and choline
oxidase. The hydrogen peroxide generated by the enzymatic degradation
of ACh and choline was detected by a platinum working electrode (+500
mV) coupled to an LC-4C electrochemical detector (Bioanalytical Sys-
tems). Detector output was recorded and analyzed using INJECT soft-
ware (Interactive Microware, State College, PA). The peak correspond-
ing to ACh was quantitated by integration of the peak area and
comparison with a four-point external standard curve bounding the
expected range of ACh values. The detection limit for ACh by this
method was 20 fmol/20 ul dialysate injection.
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BASAL CORTICAL ACh EFFLUX ACROSS SESSIONS
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Figure 1. Mean = SEM basal ACh efflux in frontoparietal cortex for each

dialysis session in 192 IgG-saporin-lesioned (n = 7) and sham-lesioned
rats (n = 7). When collapsed across sessions (4LL ), median baseline efflux
averaged 0.17 *= 0.03 pmol/min for control animals and 0.09 * 0.01
pmol/min for lesioned animals, a decrease of 47%.

Histology

Three days after the last microdialysis session, animals were given a
sublethal dose of sodium pentobarbital and transcardially perfused with
0.2% heparin in saline followed by 10% formalin. The brains were
removed, blocked rostral to the cerebellum, and stored in 10% formalin
at 4°C with transfer to 30% sucrose phosphate buffer at least 3 d before
sectioning. Sections from each brain were processed for AChE staining
according to modifications of the method of Tago et al. (1986).

Statistical analysis

Individual baseline ACh efflux (picomoles/minute) for each subject in
each dialysis session was defined as the median value of the six baseline
collections for that session. Comparisons of basal efflux between the two
conditions (sham- or 192 IgG-saporin-lesioned), as a function of micro-
dialysis session, were conducted using ANOVA.

Consistent with previous findings (Moore et al., 1992, 1993, 1995a),
ACh efflux values returned to basal levels by the second collection period
after darkness/cereal. Hence, an overall three-way ANOVA, with TIME
(two levels) and DOSE (three levels) as within-subjects factors and
LESION CONDITION (two levels) as a between-subjects factor, was
performed. Time analysis was restricted to the final baseline collection
and the first collection after darkness/cereal to assess the interaction of
drug dose with the darkness/cereal manipulation. All efflux values for
these two time points were expressed as percentage changes from the
median baseline for each animal in each dialysis session to control for
interanimal and intersession variability in basal ACh efflux. Post hoc
analyses consisted of paired ¢ tests involving dose and time, with statistical
significance defined as p < 0.05.

Results

Basal ACh efflux

Figure 1 illustrates that compared with sham-lesioned control
animals, rats that received intracortical infusions of 192 IgG-
saporin exhibited reduced basal cortical ACh efflux. This reduc-
tion was demonstrated statistically by a main effect of LESION
CONDITION on basal efflux (F(; 15, = 8.07; p < 0.02). There was,
however, no significant effect of DIALYSIS SESSION on basal
ACh efflux (F(5 54y = 2.71; p > 0.08), nor was there a CONDI-
TION X SESSION interaction (F, »4y = 1.04; p > 0.3), indicating
that basal efflux for both groups of animals was relatively stable
across the three dialysis sessions. Given this lack of a session
effect, overall basal efflux across the three sessions is summarized
in the right-hand column in Figure 1, which shows that basal ACh
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Figure 2. Effect of systemic preadministration of ZK 93,426 or its vehicle
on the darkness/cereal-induced increase in cortical ACh efflux (mean *
SEM) in sham-lesioned control animals (n = 7). The darkness/cereal
stimulus, presented 15 min after systemic injection of vehicle solution,
increased efflux by 98 + 33% over baseline efflux during the first collection
interval. This effect was potentiated by systemic administration of ZK
93,426 15 min before the darkness/cereal stimulus. Peak increases during
the first collection period after darkness/cereal averaged 122 *+ 33% at the
1.0 mg/kg dose and 200 + 66% at the 5.0 mg/kg dose. last bsin, Last
baseline.

efflux in 192 IgG-saporin-lesioned animals was decreased by an
average of 47% relative to sham-lesioned controls.

Effects of ZK 93,426 and darkness/cereal on ACh efflux
As shown in Figures 2 and 3, the overall darkness/cereal manip-
ulation increased cortical ACh efflux levels in both lesioned and

control animals, as evidenced by a highly significant effect of
TIME (F (12, = 21.44; p = 0.001) in a LESION CONDITION X
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Figure 3. Effect of systemic preadministration of ZK 93,426 or its vehicle
on the darkness/cereal-induced increase in cortical ACh efflux (mean *
SEM) in 192 IgG-saporin-lesioned animals (n = 7). The darkness/cereal
stimulus, presented 15 min after systemic injection of vehicle solution,
increased efflux by 91 + 32% over baseline efflux during the first collection
interval. This effect was potentiated by systemic administration of ZK
93,426 at the 1.0 mg/kg dose (peak = 156 = 47%) but not the 5.0 mg/kg
dose (peak = 94 = 31%). last bsin, Last baseline.
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Figure 4. Representative coronal brain sections (stained for AChE-
positive fibers) from a sham-lesioned animal (4) and a 192 IgG-saporin-
lesioned animal (B). Cortical infusions of 192 IgG-saporin resulted in a
40-60% reduction of AChE-positive fiber density in the medial and dorsal
parietal areas. The arrow in B marks the transition from an extensively
depleted dorsal cortical area (near the toxin infusion site) to a less
depleted more ventral zone. Magnification, 10X.

DOSE X TIME ANOVA. This effect was short-lived, because
significant elevations in cortical ACh efflux did not extend beyond
the first collection interval after darkness/cereal. The lack of a
main LESION effect (F(; ;) = 0.73; p > 0.4) or a LESION X
TIME interaction (F(, ;,, = 0.05; p > 0.8) indicated that both the
relative magnitude and the temporal dynamics of the increase in
cortical ACh efflux in the lesioned animals did not differ from
sham-lesioned controls.

Systemic administration of ZK 93,426 before the onset of dark-
ness potentiated the trend toward increased cortical ACh efflux
produced by the darkness/cereal manipulation, as shown by a
significant DOSE X TIME interaction (F 5,y = 3.69; p < 0.01).
Post hoc analyses revealed that this interaction was generated by
the effects of the BZR inverse agonist and was not produced by
the vehicle injections. Vehicle-induced ACh efflux was not signif-
icantly different from the last baseline values for either sham or
lesioned rats (both p values > 0.05). Peak increases in ACh efflux,
after ZK 93,426, reached 200 = 66% (mean * SEM) above
median baseline at the 5.0 mg/kg dose in the control group and
156 = 47% at the 1.0 mg/kg dose in the lesioned group. Post hoc
analyses revealed that these were significant increases relative to
the last baseline period (¢, = 2.75, p < 0.05 for controls; ¢, = 3.62,
p < 0.02 for lesioned animals) and relative to the increases seen
during darkness/cereal presentation after vehicle solution admin-
istration (¢, = 2.63, p < 0.05 for controls; #, = 3.31, p < 0.02 for
lesioned animals). The potency of ZK 93,426 was not significantly
different between the two groups, as shown by the lack of a
LESION X DOSE (F(,,4y = 0.68; p > 0.5) or LESION X
DOSE X TIME (F 554y = 2.56; p > 0.09) interaction.

Histology

Cortical infusions of 192 IgG-saporin were associated with
marked reductions in AChE-positive fiber staining in the cortex
(Fig. 4) and basal forebrain (Fig. 5C,D) relative to sham-lesioned
controls. Quantitative estimates of the degree of this loss of
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AChE-positive fibers were on the order of 40-60%, a range
similar to that observed previously using the same dose of corti-
cally administered 192 IgG-saporin (Holley et al., 1994). All
animals included in the study were confirmed to have microdialy-
sis probe placement in the frontoparietal cortex, with no system-
atic differences in placement between the two groups (Fig. 54,B).

Discussion

The above results demonstrate that cortical infusions of the im-
munotoxin 192 IgG-saporin produce marked reductions in basal
cortical ACh efflux as measured by in vivo microdialysis. Thus,
ACh efflux correlates well with previous static histochemical
markers after cortical infusion of similar doses of this toxin,
supporting a relationship between changes in cholinergic fiber
density and cortical ACh efflux. This reduction in basal ACh efflux
in saporin-treated rats was seen on each of the three microdialysis
sessions. These results are consistent with our previous studies
using the repeated perfusion/dialysis design, demonstrating that
basal or dynamic ACh efflux does not interact with the microdi-
alysis session (Moore et al., 1992, 1993, 1995a,b,c; Johnson and
Bruno, 1995).

Despite the significant reduction in basal levels of cortical ACh
efflux, however, the ability of the BZR-selective inverse agonist
ZK 93,426 to potentiate basal efflux or that after the vehicle
injection plus darkness/cereal presentation was of similar relative
magnitude in lesioned animals and sham-lesioned controls. Thus,
BZR-selective inverse agonists are capable of potentiating the
effects of a behavioral stimulus on cortical ACh efflux, even in a
compromised system.

EXPERIMENT 2: BASAL ACh EFFLUX AND FG 7142

Materials and methods

In the second experiment, the effects of an additional BZR ligand, the
partial inverse agonist FG 7142, on cortical ACh efflux were determined
in 192 IgG-saporin- and sham-lesioned rats. Unlike ZK 93,426, FG 7142
stimulates cortical ACh efflux under basal conditions (i.e., in the absence
of a manipulation such as the darkness/cereal association) (Moore et al.,
1995b). Furthermore, FG 7142 increases dopaminergic transmission in
the nucleus accumbens (McCullough and Salamone, 1992), an effect that
interacts with the ability of this drug to enhance cortical ACh efflux
(Moore et al., 1995c). Therefore, FG 7142 was used to assess the ability
of cortical ACh efflux in 192 IgG-saporin-lesioned rats to respond to
pharmacological stimulation in the absence of an entrained stimulus. In
separate dialysis sessions, the neuronal origin of ACh efflux in lesioned
and control animals was investigated by perfusing the voltage-gated
Na*-channel blocker tetrodotoxin (TTX) through the dialysis probe
before FG 7142 administration.

Animals and surgery

Young adult male F344/BNNia rats were housed and handled as de-
scribed above in Experiment 1. Animals were infused with 192 IgG-
saporin (n = 4) or its vehicle solution (n = 4) using the surgical
conditions, toxin dose, and stereotaxic coordinates described above. Dur-
ing the next 2 weeks, these animals were handled further and habituated
to the microdialysis testing bowls and saline injections (intraperitoneal).
These animals were not trained in the darkness/fruit cereal association,
however, and thus were not subjected to this manipulation during micro-
dialysis testing sessions. Two weeks after the cortical infusion of toxin or
vehicle solution, these animals were implanted with microdialysis guide
cannulae into the right frontoparietal cortex, again as described above.

Microdialysis protocol

Each animal received three microdialysis sessions, beginning on the
fourth day after cannula implantation, with a nondialysis day between
sessions. The order of dose administration for half of the animals (two
lesion plus two control) was vehicle, FG 7142, and TTX/FG 7142 in the
first through third sessions, respectively. The remaining half (two lesion
plus two control) received TTX/vehicle, vehicle, and FG 7142 in the three
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Figure 5. Representative coronal brain sections (stained
for AChE) from a sham-lesioned animal (4) and a 192
IgG-saporin-lesioned animal (B) demonstrating representa-
tive placement of the microdialysis probe in the frontopa-
rietal cortex. Again, the lesioned cortex shows a marked
reduction in AChE-positive fiber staining. C and D show
coronal sections through the basal forebrain area of repre-
sentative control and lesioned animals, respectively. AChE-
positive fiber staining is markedly reduced in the lesioned c
basal forebrain, implying a loss of cholinergic neurons in the
basal forebrain after cortical infusion of 192 IgG-saporin. E
and F schematically illustrate the anatomical zones present
in C and D. GP, Globus pallidus; SI, substantia innominata;
CPu, caudate putamen. Magnification: 4, B, 5X; C, D, 25X.

respective sessions. This design allowed us to determine the effect of TTX
on both basal and stimulated efflux as well as to investigate the possibility
of session-dependent differences in TTX sensitivity of cortical ACh efflux.

On the testing days, animals were placed in the dialysis testing bowls 30
min before probe insertion. Three hours after probe insertion and per-
fusion with aCSF (2.0 wl/min; see above for composition), six consecutive
15 min baseline dialysates were collected. During non-TTX sessions, FG
7142 (8.0 mg/kg, i.p.) (Research Biochemicals International, Natick, MA)
or its vehicle solution (10% CEL in saline) was administered immediately
after the last baseline period, and four additional 15 min dialysates were
then collected. During TTX sessions, 1.0 um TTX (Sigma) was infused
through the microdialysis probe beginning after the last baseline period,
followed 45 min later by injection of FG 7142 or its vehicle solution.
Again, four additional postinjection 15 min dialysates were collected.
HPLC analysis and histological procedures were carried out as described
in Experiment 1.

Statistical analysis

Individual and group baseline cortical ACh efflux values were defined and
calculated as described in Experiment 1. Again, individual median base-
lines were used in an ANOVA comparing basal efflux between the two
lesion conditions as a function of dialysis session.

To assess the effects of systemic administration of FG 7142, three-way
ANOVAs with TIME and DOSE as within-subjects factors and LESION
CONDITION as a between-subjects factor were performed. Because of
the “inverted U-shaped” nature of the response function over time, two
separate ANOVAs were conducted. The first ANOVA compared the first
two collection intervals after FG 7142 with the last baseline. The second
ANOVA compared the final two collection intervals after FG 7142. As in
Experiment 1, efflux values for this ANOVA were expressed as percent-
age changes from median baseline for each animal in each dialysis
session. Administration of TTX through the dialysis probe consistently
reduced ACh efflux to below detectable limits (i.e., <20 fmol/20 ul
dialysate) in all cases; therefore, these data were treated descriptively.

Results

Basal efflux

As in Experiment 1, animals infused with 192 IgG-saporin exhib-
ited marked reductions in cortical ACh efflux (data not shown
graphically). Basal efflux across sessions for animals in this exper-
iment averaged 0.15 = 0.02 pmol/min for sham-lesioned animals
and 0.07 = 0.01 pmol/min for 192 IgG-saporin-lesioned animals.
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This difference was significant (LESION CONDITION, F, o) =
6.13; p < 0.05).

Effects of FG 7142 and TTX on ACh efflux

Figure 6 summarizes the effects of vehicle and FG 7142 on cortical
ACh efflux in sham- and saporin-treated rats. Even in the absence
of the darkness/cereal manipulation, the BZR partial inverse
agonist FG 7142 stimulated cortical ACh efflux in both groups of
animals. An overall ANOVA, comparing the last baseline and the
first two collection intervals after drug treatment, revealed signif-
icant main effects of TIME (F,, = 9.13; p < 0.05) and DOSE
(Fa,6y = 9-14; p < 0.05), indicating that the increases in cortical
ACh efflux after FG 7142 was greater than that seen after admin-
istration of its vehicle solution alone. A significant TIME X
DOSE interaction (F,, = 11.89; p < 0.01) indicated that the
duration of the increase in cortical ACh efflux after FG 7142 was
greater than that after injection of its vehicle solution. Post hoc
comparisons between vehicle- and FG-treated rats revealed dif-
ferences at 15-30 min (p < 0.005) but not at 0—15 min intervals.
The lack of a significant LESION CONDITION X TIME (F, ;, =
0.82; p > 0.4) or LESION CONDITION X DOSE (F, 5, = 1.38;
p > 0.2) interaction supported the similarity in the responsiveness
of lesioned and control animals over the time points and doses
analyzed.

An overall ANOVA, comparing the last baseline and the final
two collection intervals after drug treatment revealed no signifi-
cant main effects (all p values > 0.05). The significant TIME X
DOSE interaction (F,;, = 3.90; p < 0.05) suggested that the
duration of the increase in cortical ACh efflux after FG 7142 was
greater than that after injection of its vehicle solution. Post hoc
comparisons between vehicle- and FG-treated rats revealed a
difference at the 45-60 min interval (p < 0.05). Nevertheless, the
nonsignificant interaction between LESION CONDITION X
DOSE X TIME confirmed that there were no obvious differences
in the responses of sham- and saporin-treated rats.

Administration of TTX through the dialysis probe, before in-
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Figure 6. Effect of the BZR partial inverse agonist FG 7142 on basal (i.e., no darkness/cereal) cortical ACh efflux in 192 IgG-saporin-lesioned (n = 4)
and sham-lesioned animals (n = 4). ACh efflux (mean = SEM) was enhanced significantly by systemic administration of FG 7142, relative to vehicle
injections, with peak increases occurring in the second 15 min collection period in both groups of animals.

jection of FG 7142, decreased cortical ACh efflux to below detect-
able amounts (i.e., 20 fmol/injection) by the second period after
TTX in all cases, indicating that basal and stimulated efflux
measured in the two groups of animals were dependent on axonal
depolarization in the region surrounding the dialysis probe. Be-
cause the percentage decreases after TTX plus FG 7142 (—70%
and —64% from baseline in sham- and saporin-treated rats, re-
spectively) are artificially constrained by the detection limits for
ACh, these data generally underestimate the TTX dependency.
Thus, the analysis of these data was limited to a descriptive
treatment.

Histology

Again, all animals included in this experiment were confirmed to
have microdialysis probe placement in the frontoparietal cortex
(similar to those seen in Fig. 54,B). The decrease in AChE-
positive fiber staining in lesioned animals relative to controls was
similar to that shown in the representative sections in Figures 4
and 5C,D.

Discussion

These data demonstrate that rats depleted of cortical ACh with
intracortical infusions of 192 IgG-saporin still exhibit increases in
ACh efflux, similar in magnitude to those seen in intact animals,
after systemic administration of the BZR partial inverse agonist
FG 7142. Because FG 7142 produced these increases in the

absence of any behavioral stimulus (e.g., darkness/palatable food),
this provides additional evidence for the ability of pharmacolog-
ical manipulations targeting GABAergic transmission in the basal
forebrain to stimulate cortical ACh efflux in animals that have
undergone significant but subtotal deafferentation of cortical cho-
linergic inputs.

Basal and FG 7142-stimulated cortical ACh efflux in both
groups of animals were reduced to nondetectable levels by the
presence of TTX in the dialysis perfusion medium, indicating that
ACh efflux after cortical infusions of 192 IgG-saporin is depen-
dent on axonal depolarization in the region surrounding the
dialysis probe. This TTX effect was the same whether it was
administered in the first or third microdialysis session, demon-
strating that repeated insertion and perfusion of the probe does
not seem to alter the depolarization dependency of cortical ACh
efflux.

GENERAL DISCUSSION

These experiments revealed two important findings regarding the
modulation of cortical ACh efflux in rats after intracortical infu-
sions of the selective cholinotoxin 192 IgG-saporin. First, infu-
sions of 192 IgG-saporin produced a partial deafferentation of
cortical cholinergic innervation as evidenced by decreases in the
density of AChE-positive fibers in the cortex and basal levels of
extracellular ACh. Second, despite this deafferentation, cortical
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ACh efflux in lesioned rats was modulated by environmental and
pharmacological stimuli in a manner similar to that demonstrated
in intact rats. The discussion below focuses on the use of ACh
efflux as a measure of cortical cholinergic transmission, the nature
of the 192 IgG-saporin-induced deafferentation, and the develop-
ment of cholinomimetic treatments for age- and dementia-
associated cognitive impairments.

Validity of ACh efflux
There is significant evidence suggesting that ACh efflux, measured
by microdialysis techniques, is a valid measure of cortical cholin-
ergic transmission. Electrical stimulation of the basal forebrain,
the site of origin of cortical cholinergic afferents (Butcher and
Woolf, 1986), increases cortical ACh efflux (Kurosawa et al., 1989;
Rasmusson et al., 1992) in anesthetized animals. Local injections
of scopolamine and oxotremorine into the nucleus basalis increase
and decrease, respectively, cortical ACh efflux in anesthetized rats
(Bertorelli et al., 1991). Trans-synaptic activation of cortical cho-
linergic neurons by electrical stimulation of the pedunculopontine
tegmentum increases cortical ACh efflux (Szerb et al., 1994).
Finally, intrabasalis infusions of BZR ligands that either positively
or negatively modulate GABA-mediated Cl™ flux (for review, see
Bruno and Miller, 1995) predictably decrease or increase, respec-
tively, cortical ACh efflux in awake rats (Moore et al., 1993,
1995a). These changes in ACh efflux are almost completely
blocked by co-perfusion with TTX, suggesting a dependence of
Na™-gated depolarization around the area of the dialysis probe.
The present results extend these observations by demonstrating
that ACh efflux remains a valid measure of cholinergic transmis-
sion after partial deafferentation of these cortical afferents. Basal
cortical ACh efflux was reduced commensurate with decreases in
AChE histochemistry. Although we did not quantify these histo-
chemical results here, we have reported previously that intracor-
tical infusions of this same dose of 192 IgG-saporin reduce the
number of cortical AChE-positive fibers by ~40% (Holley et al.,
1994). This reduction in fiber density is similar to the 47% de-
crease in basal cortical ACh efflux reported in Experiment 1 of the
present study. A previous report in anesthetized rats demon-
strated that ibotenic acid-induced lesions of the nucleus basalis
reduced basal cortical ACh efflux, yet administration of 100 mm
K™ still enhanced efflux (Herrera-Marschitz et al., 1990).

Cortical cholinergic transmission after
partial deafferentation
Several recent studies have characterized the neurochemical ef-
fects of 192 IgG-saporin-induced deafferentation of cortical cho-
linergic inputs. Reductions in staining after intracortical 192 IgG-
saporin seem to be selective for AChE-positive fibers (Holley et
al., 1994). Intraventricular injections of the immunotoxin decrease
choline acetyltransferase activity and high-affinity choline uptake
(HACU) and increase the density of M, binding sites (that were
not related to an increase in sensitivity to M;-related transduction
mechanisms) and cjun mRNA in the parietal and occipital cor-
tices in layer IV (Robner et al., 1994, 1995). Similar to the present
study, Robner et al. (1994, 1995) reported a K*-stimulated re-
lease of [PH]J-ACh from cortical slices of lesioned rats that was,
however, less than that seen in slices from intact animals.
Despite the obvious loss of cortical cholinergic afferents in the
present study, the residual ACh-containing neurons exhibited a
normal pattern of stimulated ACh efflux (both in duration and
percentage change from baseline) to the environmental and be-
havioral stimuli. Exposure to the previously trained darkness/
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cereal stimulus tended to transiently increase cortical ACh efflux
in lesioned as well as in intact rats. Although this increase was not
significant in the present study, we previously reported a signifi-
cant activation of cortical cholinergic transmission in intact rats
after this same darkness/cereal stimulus (Moore et al., 1993,
1995a). Close inspection of the data presented in Figures 2 and 3
reveals that the lack of a significant effect of vehicle plus darkness/
cereal reflected unanticipated increases in ACh efflux during the
last baseline periods in these groups. The basis for these increases
in efflux during the last baseline period is not apparent, because
drug condition was a within-subject factor and drug order was
counterbalanced. Importantly, increases in ACh efflux after the
vehicle injections in Experiment 1 (85-90%) were quite similar to
those reported in our previous study (95-100%; Moore et al.,
1993). Clearly, the lesion also did not affect the ability of BZR
inverse agonists to trans-synaptically potentiate the effects of the
darkness/cereal stimulus on ACh release (as in Experiment 1 with
ZK 93,426) or to increase basal release (as in Experiment 2 with
the more efficacious FG 7142).

Although the reactivity of residual neurons remained qualita-
tively similar to cortical cholinergic neurons in intact rats, the
magnitude of these effects was quantitatively reduced. Basal cor-
tical ACh efflux was depressed by 47% in the lesioned group, and
although the various manipulations consistently stimulated efflux
above baseline values, the absolute amounts of ACh efflux were
always less than those obtained from sham-lesioned controls. The
relationship between the magnitude of the deafferentation and
the ability of BZR inverse agonists to enhance cortical ACh efflux
merits further study. For instance, will these BZR ligands poten-
tiate stimulated ACh efflux after larger deafferentations than those
studied here? Defining the limits of this trans-synaptic modulation
will have important implications for any potential clinical appli-
cations after more severe cholinergic denervations (see below).

The fact that basal ACh efflux was reduced to approximately the
same extent as was the density of AChE-positive fiber density
(Holley et al., 1994) suggests that presynaptic compensations
either did not occur in the 3 week interval between lesion and
testing or were insufficient to maintain basal ACh efflux at control
levels. The literature, however, suggests a potential for plasticity
within the damaged cortical cholinergic system. Although intra-
cortical administration of 192 IgG-saporin produces a long-lasting
decrease in HACU in rats, vesamicol binding (a measure of newly
synthesized ACh) seems comparable in lesioned and control an-
imals (Holley et al., 1993). Similar discrepancies between de-
creases in HACU and vesamicol binding have been reported in
brain tissue from Alzheimer’s disease patients (Kish et al., 1990).
Finally, we do not know whether postsynaptic compensations
develop sufficiently to offset the effects of this partial deafferen-
tation on cortical information processing. Although there are
reports of increased density of M, binding sites and expression of
cjun mRNA in cortex after intraventricular administration of 192
IgG-saporin, the functional consequences of these changes are
unknown. In this regard, we have reported enduring performance
deficits in these 192 IgG-saporin-treated animals in operant tasks
of sustained (McGaughy et al., 1996) and divided (Turchi et al.,
1995) attention.

Therapeutic implications for cognition enhancement

The potential therapeutic implications of selective BZR inverse
agonists as trans-synaptic enhancers of cortical cholinergic trans-
mission have been reviewed elsewhere (Sarter and Bruno, 1994,
1996a,b; Sarter et al., 1996). Our previous work indicates that
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selective BZR inverse agonists such as ZK 93,426 satisfy a neces-
sary requirement of any efficacious cognition enhancer. Namely, it
enhances cortical ACh efflux only when the basal forebrain cho-
linergic system has already been activated (Sarter and Bruno,
1994). The present results on the ability of ZK 93,426 to poten-
tiate the effects of darkness/cereal on ACh efflux add an additional
necessary requirement of an effective pharmacotherapy: namely,
the ability to enhance release in a partially deafferented system.
Although this is encouraging, several issues surrounding the ther-
apeutic efficacy of this strategy remain unresolved. First, will these
selective BZR inverse agonists enhance cortical ACh efflux that is
being activated by more “cognitively charged” tasks than the
darkness/cereal stimulus used in this experiment? Our preliminary
observations suggest that cortical ACh efflux in intact rats is
activated during performance in an operant task of sustained
attention (Sarter et al., 1996). Given that partially deafferented
animals exhibit performance deficits in this task (McGaughy et al.,
1996), we are currently determining whether administration of
selective BZR inverse agonists will both enhance performance
and increase ACh efflux in these lesioned animals. Second, we
must determine how the capacity of these ligands to potentiate
ACh efflux interacts with the extent of the ACh lesion. Constraints
on the ability of these drugs to enhance cortical ACh efflux after
larger deafferentations may limit their therapeutic efficacy to ear-
lier stages of the disease process. Finally, all of our microdialysis
studies have used acute administration of these BZR-selective
inverse agonists. It will be important to determine the ability of
these ligands to modulate cortical ACh efflux after chronic
administration.

In summary, these experiments demonstrate that BZR inverse
agonists stimulate basal ACh efflux (in the case of FG 7142) and
potentiate the effects of darkness/cereal on ACh efflux (in the case
of ZK 93,426) after partial deafferentation of cortical cholinergic
inputs. The time course and magnitude (as a percentage increase
from baseline) of these effects were similar in lesioned and sham-
lesioned rats. Studies of the effects of these ligands on cortical
ACh efflux and cognitive performance in animals selectively deaf-
ferented with 192 IgG-saporin may provide important insights
into the pharmacotherapy of clinical populations impaired by
reductions in cortical cholinergic transmission.
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