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The neuropeptide galanin is overexpressed in the basal fore-
brain in Alzheimer’s disease (AD). In rats, galanin inhibits
evoked hippocampal acetylcholine release and impairs perfor-
mance on several memory tasks, including delayed nonmatch-
ing to position (DNMTP). Galanin(1–13)-Pro2-(Ala-Leu)2-Ala-
NH2 (M40), a peptidergic galanin receptor ligand, has been
shown to block galanin-induced impairment on DNMTP in rats.
M40 injected alone, however, does not improve DNMTP choice
accuracy deficits in rats with selective cholinergic immunotoxic
lesions of the basal forebrain. The present experiments used a

strategy of combining M40 with an M1 cholinergic agonist in
rats lesioned with the cholinergic immunotoxin 192IgG-saporin.
Coadministration of intraventricular M40 with intraperitoneal
3-(3-S-n-pentyl-1,2,5-thiadiazol-4-yl)-1,2,5,6-tetrahydro-1-meth-
ylpyridine (TZTP), an M1 agonist, improved choice accuracy sig-
nificantly more than a threshold dose of TZTP alone. These results
suggest that a galanin antagonist may enhance the efficacy of
cholinergic treatments for the cognitive deficits of AD.
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Galanin is a well characterized peptide neurotransmitter and is
widely distributed in mammalian brain (Tatemoto et al., 1983;
Melander et al., 1986; Skofitsch and Jacobowitz 1985, 1986; Mer-
chenthaler et al., 1993). Studies in rodents and monkeys demon-
strate that galanin inhibits presynaptic evoked acetylcholine re-
lease in hippocampal slices and in hippocampal microdialysate
(Fisone et al., 1987, 1991; Consolo et al., 1991; Bartfai et al., 1992;
Robinson et al., 1996b). In addition, galanin inhibits postsynaptic
carbachol-stimulated phosphatidyl inositol hydrolysis in hip-
pocampal slices (Fisone et al., 1991; Palazzi et al., 1991). Central
galanin injections impair performance of learning and memory
tasks, including delayed nonmatching to position (DNMTP),
delayed alternation, Morris water maze, starburst maze, and
passive avoidance (Sundstrom et al., 1988; Givens et al., 1992;
Malin et al., 1992; Robinson and Crawley, 1993, 1994; Ukai et al.,
1995; McDonald and Crawley, 1996; McDonald et al., 1997). This
growing literature supports the interpretation that galanin acts as
an inhibitory modulator of cholinergic function in the septohip-
pocampal pathway (Hökfelt et al., 1987; Crawley, 1996; Mc-
Donald and Crawley, 1997).

Alzheimer’s disease (AD) is a neurodegenerative disorder
diagnosed clinically by the progressive loss of cognitive function
and is confirmed at autopsy by the presence of neuritic plaques,

neurofibrillary tangles, and cholinergic cell loss (Richter et al.,
1980; Whitehouse et al., 1982). AD has recently been linked to
several candidate genes (Citron et al., 1992; Levy-Lahad et al.,
1995; Rogaev et al., 1995; Sherrington et al., 1995). Treatments
for AD are designed to increase cholinergic transmission, but
clinical improvements have been modest (Davis et al., 1992;
Bodick et al., 1997; Robbins et al., 1997). The limited efficacy of
cholinergic treatments could be attributable to insufficient bio-
availability at critical synapses, deleterious side effects, or changes
in other neurochemical systems during the degenerative process
in AD.

One of these neurochemical changes is the dramatic overex-
pression of galanin in the basal forebrain in AD. Human galanin,
a 30-amino acid peptide, is localized in interneurons of the basal
forebrain and in fibers and terminals surrounding cholinergic cell
bodies of the nucleus basalis of Meynert (NBM) (Chan-Palay,
1988b). In AD, galanin-immunoreactive fibers and terminals hy-
perinnervate the surviving neurons of the NBM (Chan-Palay,
1988a,b, 1990; Beal et al., 1990; Mufson et al., 1993; Bowser et al.,
1997). The inhibitory actions of galanin on cholinergic function
and memory in rats suggest that galanin overexpression in AD
may contribute to memory loss and reduce the efficacy of cholin-
ergic treatments (Hökfelt et al., 1987; Crawley and Wenk, 1989;
Bartfai et al., 1992; Crawley, 1996; McDonald and Crawley, 1997).

Selective peptidergic galanin receptor ligands have been devel-
oped that antagonize the physiological and behavioral actions of
galanin (Langel et al., 1992; Bartfai et al., 1993; Crawley et al.,
1993; Xu et al., 1995). Galanin(1–13)-Pro2-(Ala-Leu)2-Ala-NH2

(M40) effectively blocks galanin-induced impairment on a de-
layed nonmatching to position task in normal rats (McDonald and
Crawley, 1996). The present experiments were designed to test
the hypothesis that blocking the putative inhibitory action of
endogenous galanin could improve the efficacy of an M1 agonist
on a memory task in cholinergically lesioned rats.
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MATERIALS AND METHODS
Subjects. All procedures were approved by the National Institute of
Mental Health Animal Care and Use Committee and were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory
Animals. Subjects were male Sprague Dawley rats (Taconic Farms, Ger-
mantown, NY), 2 months old, and weighing 143–175 gm at the beginning
of the experiment. Animals were housed in groups of three; after surgery
they were housed in individual cages. The colony room was maintained
at 22°C on a 12 hr light /dark cycle with lights on at 6:00 A.M. Animals
were fed ad libitum and were given access to water for 30 min after their
daily lever press sessions. Behavioral sessions were typically conducted
between 8:00 A.M. and 6:00 P.M. 5 d/week. Animals were fed food and
water ad libitum on the weekends.

Apparatus. Behavioral testing was conducted in eight identical operant
chambers, 29.2 cm length 3 24.1 cm width 3 21.0 cm height (MED
Associates, Lafayette, IN). Each chamber was equipped with two re-
sponse levers on the front wall (front levers) and a single response lever
on the rear wall (rear lever). All levers were 4.8 cm wide and were 6.7 cm
above the grid floor of the operant chamber. A force of 25.0 g was
required to operate the levers. A 2.5-cm-diameter 2.8 W stimulus lamp
was centered 5.8 cm above each of the three levers. A 2.8 W house light
on the rear wall provided a constant source of low-level illumination. A
recessed well for the delivery of reinforcers was located in the center of
the front wall at equal distance from each lever. A liquid dripper behind
the front wall was used to dispense reinforcers of 0.05 ml of water into the
recessed well. The operant chambers were controlled by a DOS-based
microcomputer running MED-PC software (MED Associates). The soft-
ware monitored choice accuracy, as well as secondary measures such as
number of trials completed, session duration, and rear-lever response
rate, as described below.

Behavioral testing. Rats were trained to press a lever in the operant
chambers using a computer-controlled autoshaping program. Each lever
press under the autoshaping program resulted in the delivery of a 0.05 ml
water reinforcer. Rats were then gradually trained to perform the
DNMTP contingencies. Each DNMTP trial consisted of a sample phase,
a delay, and a choice phase. At the beginning of each DNMTP trial (the

sample phase), a cue lamp above one of the two levers (designated the
sample lever) was illuminated on the front wall. The lever designated as
the sample for a given trial was randomly selected across trials with the
constraint that each block of four trials contained two left-lever samples
and two right-lever samples. After pressing the sample lever, rats were
required to turn around and press the lever on the rear wall. During
training, a 1 sec delay was interposed between the sample and choice
phases. The first rear-lever press after expiration of the delay resulted in
the immediate illumination of both cue lamps on the front wall and
initiation of the choice phase. Rats were then required to press one of the
two front levers to end the trial. Pressing the lever that was not the
sample lever in the beginning of the trial (i.e., the nonmatching lever) was
considered a correct response. Each correct response resulted in the
delivery of a 0.05 ml water reinforcer. The house light remained illumi-
nated for 3 sec after a correct response to allow time for water consump-

Figure 1. Choice accuracy on the DNMTP task for rats lesioned with the selective cholinergic immunotoxin 192IgG-saporin and saline-injected sham
controls. 192IgG-saporin or saline was administered through indwelling cannulas after rats met criterion-level performance on the DNMTP task. Data
represent mean 6 SEM DNMTP choice accuracy for the first 2 weeks of behavioral testing after the 2 week lesion recovery period. A choice accuracy
of 50% correct responses represents chance performance in this two-lever choice task. A, In experiment 1, lesioned rats (E; n 5 9) were significantly
impaired compared with sham controls (3; n 5 10). B, Similarly, in an independent replication with another set of animals in experiment 2, lesioned
rats (E; n 5 11) treated with a higher dose of 192IgG-saporin were significantly impaired compared with sham controls (3; n 5 11).

Table 1. ChAT levels in sham versus 192IgG-saporin-lesioned rats

Brain region

ChAT Level (mean 6 SEM)

Experiment 1 Experiment 2

Sham
(n 5 10)

Lesion
(n 5 9)

Sham
(n 5 11)

Lesion
(n 5 10)

Hippocampus 37.8 6 2.0 12.8 6 3.6*** 48.3 6 4.1 15.2 6 4.5***
Anterior cortex 35.2 6 1.4 15.3 6 3.1*** 39.9 6 2.7 19.1 6 3.8**
Posterior cortex 35.3 6 1.3 20.1 6 4.6* 39.6 6 4.0 23.6 6 3.0*
Olfactory bulbs 56.0 6 9.8 20.9 6 3.5*
Caudate 76.2 6 7.6 68.0 6 10.1

ChAT activity is presented as nanomoles of ACh formed per hour per milligram of
protein. Significant reductions were detected in hippocampus, anterior cortex, pos-
terior cortex, and olfactory bulbs.
*–***Significantly different compared with sham controls. *p , 0.01; **p , 0.001;
***p , 0.0001.
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tion. Making an incorrect choice response (i.e., choosing the sample lever
during the choice phase) resulted in immediate darkness and no rein-
forcer. Each daily session was 60 trials or 60 min, whichever came first,
with an intertrial interval of 20 sec. Rats were trained to a criterion of
80% correct for three consecutive sessions using trials with a 1 sec delay,
at which time 10 and 20 sec delays were added. The sequence of delay
intervals was randomly selected by the computer program such that each
60-trial session included 20 trials at each delay value with the constraint
that each 6-trial block contained two trials at each of the three delay
values. Rats were trained to a criterion of 80% at the 1 sec delay and 70%
at the 10 sec delay for three consecutive sessions, at which time surgery
was performed.

In addition to choice accuracy, eight secondary measures were exam-
ined, as described previously (Robinson and Crawley, 1993, 1994; Mc-
Donald and Crawley, 1996; McDonald et al., 1997). Five were measures
of general slowing: session duration (60 min maximum), number of trials
completed (60 maximum), percentage of long-latency trials (the percent-
age of trials in which the elapsed time from the end of the delay to the
moment of choice exceeded 10 sec), mean sample latency per trial
(elapsed time from trial onset to sample lever response), and mean
choice latency per trial (the elapsed time from the rear-lever response to
the choice-lever response). Other measures included percentage of cor-
rect discriminations (the percentage of trials in which the first lever
pressed in the sample phase was the correct lighted lever), percentage of
errors that followed errors (a measure of response perseveration), and
rear-lever response rate (the rate of responding on the rear lever during
the delays, expressed as responses per minute). Long-latency trials were
excluded from all analyses.

Behavioral testing resumed 2 weeks after surgery. Drug treatments
were typically administered twice weekly. Behavioral testing was con-
ducted with no treatments on intervening days. This injection schedule
allowed assessment of baseline performance before and after each treat-
ment day to control for any residual drug effects or performance prob-
lems of the subjects.

Surgery. Surgery was performed under chloral hydrate anesthesia (350

mg/kg, i.p.). An incision was made at the midline, and the scalp was
exposed. Stereotaxic coordinates for cannulas in the left lateral ventricle
were 0.5 mm posterior and 1.0 mm lateral to bregma and 3.0 mm ventral
to the top of the skull (Paxinos and Watson, 1986). Cannulas, fabricated
from 24 gauge hypodermic stainless steel, were lowered through holes
drilled in the skull and secured with dental acrylic and stainless steel
screws. Injectors, fabricated from 31 gauge hypodermic stainless steel,
extended 2.0 mm below the ventral tip of the indwelling cannulas. After
the intracerebroventricular (icv) cannulas were secured in place, rats in
the lesion group were given a single icv injection of 4.0 (experiment 1) or
5.0 (experiment 2) mg of 192IgG-saporin (Chemicon, Temecula, CA) in
5.0 ml of PBS. 192IgG-saporin is an immunotoxin that selectively lesions
cholinergic cell bodies in the basal forebrain without damage to support
cells, fibers of passage, or noncholinergic cells (Heckers et al., 1994; Lee
et al., 1994; Torres et al., 1994; Waite et al., 1994; Wenk et al., 1994;
Leanza et al., 1995; Steckler et al., 1995). 192IgG is a monoclonal
antibody against the p75 neurotrophin receptor. Saporin is a ribosome-
inactivating protein that, when conjugated to 192IgG and injected into the
lateral ventricle, selectively destroys basal forebrain cholinergic cells
(Wiley et al., 1991). Central injection of 192IgG-saporin induces deficits
in some learning and memory tasks, including DNMTP (McDonald et
al., 1997). The higher dose of 192IgG-saporin was used in experiment 2,
because some animals are unimpaired after injection with the 4.0 mg
dose, despite significant reductions in choline acetyltransferase (Mc-
Donald et al., 1997). Rats in the sham group were injected with 5.0 ml of
PBS. Injections of 192IgG-saporin were administered over 2 min, and
injectors were left in place an additional 2 min to allow for dispersion of
the injectate. Subjects were allowed a 2 week recovery period before
resumption of behavioral testing. Although p75 receptors are primarily
located on basal forebrain cholinergic neurons, some are also found in
the cerebellum. Because of this, any rat exhibiting movement abnormal-
ities was excluded from the study.

Drug preparation and administration. M40 (kindly provided by Ülo
Langel and Tamas Bartfai, University of Stockholm, Stockholm, Swe-
den) was dissolved in 0.9% physiological saline. The entire amount of

Figure 2. Choice accuracy on DNMTP for lesioned rats receiving injections of the muscarinic M1 receptor agonist TZTP. A dose–response curve for
TZTP was generated to determine a threshold dose of TZTP that minimally improved DNMTP choice accuracy and that could be used for subsequent
coadministration with M40. TZTP or saline was injected intraperitoneally 45 min before behavioral testing. A, In experiment 1, TZTP administered
2 weeks after lesion at doses of 0.2 (Œ; n 5 6) and 0.3 (f; n 5 6) mg/kg significantly improved DNMTP choice accuracy compared with saline
(E; n 5 8). Performance under 0.1 mg/kg TZTP (F; n 5 5) was not significantly different from saline vehicle. B, In experiment 2, when administered
10 weeks after lesion, none of the doses of TZTP [0.1 (F; n 5 6), 0.3 (Œ; n 5 5), or 0.5 (f; n 5 5) mg/kg] significantly affected DNMTP choice accuracy
compared with saline vehicle (E; n 5 13).

5080 J. Neurosci., July 1, 1998, 18(13):5078–5085 McDonald et al. • M40 Plus TZTP Improves DNMTP Choice Accuracy



M40 needed for each experiment was made at one time, separated into
aliquots, and frozen at 280°C for later use. A thawed aliquot was used
during a single test day; any amount left over was discarded at the end of
the day. M40 was administered at doses shown previously to completely
block galanin-induced choice accuracy deficits on DNMTP (McDonald
and Crawley, 1996). M40 or saline vehicle was administered icv in a
volume of 5.0 ml immediately before the behavioral testing session. The
injector was left in place an additional 60 sec before withdrawal. The
selective muscarinic M1 agonist 3-(3-S-n-pentyl-1,2,5-thiadiazol-4-yl)-
1,2,5,6-tetrahydro-1-methylpyridine (TZTP; kindly provided by Per
Sauerberg, Novo Nordisk, Måløv, Denmark) (Sauerberg et al., 1992) or
saline vehicle was administered intraperitoneally in a volume of 1.0
mg/ml 45 min before the behavioral testing session.

Before the start of combination drug treatments, dose–response curves
were generated for TZTP alone and for M40 alone to determine thresh-
old doses of these compounds on DNMTP choice accuracy in lesioned
rats when administered alone. For the dose–response curves, TZTP was
administered at doses of 0.0, 0.1, 0.2, 0.3, and 0.5 mg/kg; M40 was
administered at doses of 0.0, 1.0, and 3.0 nmol. Subsequent drug combi-
nations were given at doses of 0.1 mg/kg TZTP plus 1.0 or 3.0 nmol of
M40 (experiment 1) or 0.3 mg/kg TZTP plus 1.0 or 3.0 nmol of M40
(experiment 2). All drug administrations during dose–response curves
and drug combination experiments were randomized across subjects.

Choline acetyltransferase assays. Rats were killed by decapitation under
chloral hydrate anesthesia. Brains were removed and dissected on wet
ice, as described previously (Harrington et al., 1994; Robinson et al.,
1996a), to obtain five brain regions: anterior cortex, posterior cortex, and
hippocampus in experiment 1, and these brain areas plus olfactory bulbs
and caudate in experiment 2. Choline acetyltransferase (ChAT) activity
was assayed as the marker for cholinergic activity in these regions. ChAT
activity was measured by the formation of [ 14C]acetyl-coenzyme A and
choline (Fonnum, 1969), as described previously (Harrington et al., 1994;
McDonald et al., 1997). Protein levels were determined according to
standard methods (Lowry et al., 1951).

Statistical analysis. Two-group comparisons were made using Student’s
t tests. Analyses of TZTP and M40 individual dose–response curves were
performed using repeated measures ANOVA, with delay as the repeated
measure and drug condition as a between-subjects factor. Follow-up
analyses of dose–response data were made using Fisher’s least significant
difference (LSD). Analyses of TZTP plus M40 coadministration were
performed using two-factor repeated-measures ANOVA, with drug con-
dition and delay as repeated measures. Follow-up analyses of drug
coadministration data were performed between pairs of drugs using
single-factor repeated-measures ANOVA, with delay as the repeated
measure. Subjects that did not receive all four M40 plus TZTP drug
combinations or that did not complete at least 20 trials on all four drug
co-injections were excluded from the data analysis. Drug treatment
effects on secondary measures during the DNMTP task were analyzed
using repeated measures ANOVA, with drug condition as the repeated
measure. Group differences on secondary measures were analyzed using
multivariate ANOVA (MANOVA). Degrees of freedom on all repeated
measures ANOVA were corrected for sphericity using the Greenhouse–
Geisser e (Greenhouse and Geisser, 1959). ChAT data were analyzed
using MANOVA, with brain region as the multivariate factor. Two
separate experiments were conducted. In experiment 1, rats received
TZTP plus M40 co-injections 3–4 weeks after the cholinergic immuno-
toxic lesion. In experiment 2, a separate group of rats received the TZTP
plus M40 co-injections 11–12 weeks after lesion. Statistical tests were
conducted separately for the two experiments.

RESULTS
Rats that had received 192IgG-saporin were significantly impaired
on the DNMTP task relative to saline-injected sham controls:
experiment 1, F(1,17) 5 10.9; p 5 .0042; experiment 2, F(1,20) 5
52.3; p , 0.0001. Figure 1 illustrates the delay-independent per-
formance deficit induced by the cholinergic lesions. The group 3
delay interactions were not significant: experiment 1, e 5 0;
F(1,25) 5 0.66; p 5 0.139; experiment 2, e 5 0.82; F(1,32) 5 0.44;
p 5 0.648.

As shown in Table 1, ChAT activity was significantly reduced
in lesioned rats in both experiment 1 (Wilks’ l 5 0.289; F(3,15) 5
12.3; p 5 0.0003) and experiment 2 (Wilks’ l 5 0.339; F(5,15) 5
5.8; p 5 0.0034). Follow-up analyses showed that significant
differences were observed in the hippocampus (experiment 1,
t(17) 5 6.24; p , 0.0001; experiment 2, t(19) 5 5.43; p , 0.0001),
anterior cortex (experiment 1, t(17) 5 6.02; p , 0.0001; experi-
ment 2, t(19) 5 4.59; p 5 0.0002), posterior cortex (experiment 1,
t(17) 5 3.37; p 5 0.0036; experiment 2, t(19) 5 3.16; p 5 0.0052),
and olfactory bulbs (experiment 2, t(19) 5 3.25; p 5 0.0042). No
significant differences in ChAT activity were observed in the
caudate (t(19) 5 0.65; p 5 0.523) in experiment 2. These data are
consistent with previous reports (Robinson et al., 1996a; Mc-
Donald et al., 1997) and with the anatomical distribution of basal
forebrain cholinergic projections to the cortex, hippocampus, and
olfactory bulbs but not the striatum (Butcher and Woolf, 1986).

As shown in Figure 2, TZTP injected alone at 2 weeks after
lesion produced significant delay-independent improvement
in DNMTP choice accuracy in lesioned rats in experiment 1
(F(3,21) 5 3.42; p 5 0.0361). Follow-up analyses showed that
TZTP significantly improved choice accuracy at doses of 0.2
(LSD 5 14.75; p 5 0.0193) and 0.3 (LSD 5 14.75; p 5 0.0103)
mg/kg compared with saline. In experiment 2, there was no
significant effect of TZTP alone on choice accuracy in lesioned
rats injected 10 weeks after lesion (F(3,25) 5 0.47; p 5 0.708). On
the basis of these results, subthreshold doses of 0.1 (experiment 1)
and 0.3 (experiment 2) mg/kg were chosen for coadministration
with M40. Lesion-induced choice accuracy deficits were greater
at the earlier time points than at the later time points after lesion.
Because it is common for animals to partially recover function
with continued training after lesions of this type (McDonald et

Figure 3. Choice accuracy on DNMTP for lesioned rats receiving injec-
tions of the galanin receptor antagonist M40 in experiment 1. A dose–
response curve for M40 was generated to determine a threshold dose of
M40 that minimally improved DNMTP choice accuracy and that could be
used for subsequent coadministration with TZTP. M40 or saline was
administered icv immediately before behavioral testing. Neither of the
doses of M40 [1.0 (F; n 5 7) or 3.0 (Œ; n 5 7) nmol] significantly affected
DNMTP choice accuracy compared with saline vehicle (E; n 5 7).
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al., 1997), a higher dose of 192IgG-saporin was used in experiment
2. The difference in TZTP responses in experiments 1 and 2 may
be attributable to the different doses of 192IgG-saporin used or to
the difference in time after lesion that the dose–effect curves
were established.

As shown in Figure 3, M40 administered alone did not affect
choice accuracy at any of the doses tested. The lack of effect of
M40 alone in the present study is consistent with previous find-
ings from our laboratory (McDonald et al., 1997).

As shown in Figure 4, there was no significant effect of TZTP
or any combination of TZTP and M40 in experiments 1 and 2 in
the sham animals.

In lesioned rats, however, as shown in Figure 5, coadministra-
tion of TZTP and M40 produced significant delay-independent
improvement in DNMTP choice accuracy at 3–4 weeks after
lesion in experiment 1 (e 5 0.61; F(1,14) 5 6.4; p 5 0.0114) and at
11–12 weeks after lesion in experiment 2 (e 5 0.78; F(2,23) 5 8.06;
p 5 0.0015). Follow-up analyses showed that in experiment 1
subjects performed significantly better after treatment with
TZTP plus 1.0 nmol of M40 (e 5 1.0; F(1,8) 5 11.9; p 5 0.0087) and
TZTP plus 3.0 nmol of M40 (e 5 1.0; F(1,8) 5 21.1; p 5 0.0018)
compared with TZTP plus saline. In experiment 2, subjects under
TZTP plus 3.0 nmol of M40 performed significantly better than
under TZTP plus saline (e 5 1.0; F(1,10) 5 22.1; p 5 0.0008).

None of the secondary measures was significantly affected by
the drug treatments in lesioned rats in either experiment (Table
2). In addition, drug treatment did not affect secondary measures
in the sham rats in either experiment (data not shown). In
experiment 1, there was no effect of the lesion on secondary
measures (Wilks’ l 5 0.384; F(8,8) 5 1.60; p 5 0.2599). In

experiment 2, using a higher dose of the neurotoxin, there was a
significant effect of the neurotoxin on the secondary measures
(Wilks’ l 5 0.205; F(8,9) 5 4.36; p 5 0.0207). Follow-up analyses
showed that the only significant difference between lesion and
sham subjects was percentage of errors that followed errors
(t(16) 5 2.63; p , 0.0183). Lesioned rats had a significantly higher
baseline rate of errors after errors (56.8 6 4.6, mean 6 SEM)
compared with sham rats (29.3 6 7.4).

DISCUSSION
The combination of M40 and TZTP significantly improved
DNMTP choice accuracy in cholinergically lesioned rats com-
pared with TZTP alone. These findings reveal the ability of a
galanin receptor antagonist to potentiate the actions of a musca-
rinic M1 agonist in restoring cognitive function in rats with
selective cholinergic immunotoxic lesions of the basal forebrain.
M40 potentiated the actions of TZTP at both the early and late
time points after cholinergic lesion, although higher doses of M40
and TZTP appear to be required to significantly improve perfor-
mance at a later time point. The improvement in choice accuracy
in the lesioned rats was most striking when TZTP and M40 were
given at 3–4 weeks after lesion when baseline performance was
low. Lesioned rats typically exhibit a modest improvement in
baseline DNMTP performance with repeated testing over time
(McDonald et al., 1997). In the present experiments, this im-
provement is evident from the increase in choice accuracy on
saline plus saline at the two time points. No effects of TZTP,
M40, or their combinations were observed in sham controls. In
addition, these compounds had no significant effect on any of the
secondary measures in either sham or lesioned subjects, indicat-

Figure 4. Choice accuracy on DNMTP for sham control rats receiving combinations of the muscarinic agonist TZTP and the galanin antagonist M40.
TZTP was injected intraperitoneally 45 min before behavioral testing, and M40 was administered icv immediately before behavioral testing. A, In
experiment 1, coadministration of TZTP (0.1 mg/kg) and M40 (1.0 or 3.0 nmol) did not affect DNMTP choice accuracy in sham control animals at 3–4
weeks after lesion (n 5 8). B, Similarly, in experiment 2, coadministration of TZTP (0.3 mg/kg) and M40 (1.0 or 3.0 nmol) did not affect DNMTP choice
accuracy in sham control animals at 11–12 weeks after lesion (n 5 7).
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ing no changes in visual discrimination, general speed of respond-
ing, perseveration, nor any general adverse effects of this drug
combination.

The present data support the hypothesis that endogenous ga-
lanin exerts an inhibitory tone on cholinergic transmission under

special conditions (Hökfelt et al., 1987; Bartfai et al., 1992; Craw-
ley, 1996; Bowser et al., 1997; McDonald and Crawley, 1997). In
normal rats, the putative inhibitory tone exerted by galanin may
be relatively minor. A modulatory peptide, such as galanin, may
exert its inhibitory actions only under extreme conditions of high

Figure 5. Choice accuracy data on the DNMTP task for lesioned rats receiving combinations of the muscarinic agonist TZTP and the galanin
antagonist M40. TZTP was injected intraperitoneally 45 min before behavioral testing, and M40 was administered icv immediately before behavioral
testing. A, In experiment 1, 0.1 mg/kg TZTP combined with either 1.0 (Œ) or 3.0 (f) nmol of M40 significantly improved DNMTP choice accuracy
compared with TZTP plus saline (F) at 3–4 weeks after lesion (n 5 9). B, In experiment 2, TZTP (0.3 mg/kg) combined with 3.0 nmol of M40 (f)
significantly improved DNMTP choice accuracy compared with TZTP plus saline (F) at 11–12 weeks after lesion (n 5 11).

Table 2. Secondary measures (mean 6 SEM) during DNMTP performance for 192IgG-saporin-lesioned rats after M40 plus TZTP 0.1 mg/kg
(experiment 1) or M40 plus TZTP 0.3 mg/kg (experiment 2) combination drug treatments

Secondary measure

Drug condition

Saline 1 Saline TZTP 1 Saline TZTP 1 M40 1.0 TZTP 1 M40 3.0

Experiment 1 (n 5 9)
Trials completed 46.9 6 3.6 50.6 6 3.8 42.1 6 5.6 48.8 6 4.3
Session duration 58.3 6 1.1 57.4 6 1.4 57.4 6 1.5 56.1 6 2.3
Percentage of long-latency trials 23.4 6 4.6 14.5 6 3.8 24.5 6 5.5 16.9 6 3.0
Sample latency per trial 26.8 6 2.4 25.4 6 2.6 22.0 6 2.8 22.6 6 3.2
Choice latency per trial 3.3 6 0.8 2.4 6 0.2 2.6 6 0.5 2.4 6 0.3
Correct discriminations 78.6 6 6.9 70.9 6 6.7 87.1 6 3.9 85.2 6 4.1
Rear-lever response rate 17.7 6 2.0 15.8 6 1.5 15.4 6 1.5 15.8 6 1.3
Errors following errors 56.8 6 4.6 49.7 6 5.2 53.6 6 5.3 45.0 6 6.7

Experiment 2 (n 5 11)
Trials completed 51.3 6 3.5 43.9 6 4.7 50.9 6 3.6 42.5 6 4.4
Session duration 53.7 6 2.5 55.2 6 2.1 54.8 6 1.9 58.2 6 1.0
Percentage of long-latency trials 7.2 6 1.8 8.8 6 1.9 8.5 6 2.4 14.1 6 3.4
Sample latency per trial 23.6 6 3.8 23.5 6 4.0 23.8 6 3.5 29.8 6 2.9
Choice latency per trial 2.1 6 0.1 1.9 6 0.2 2.2 6 0.2 2.1 6 0.2
Correct discriminations 84.3 6 3.2 81.7 6 5.2 79.3 6 4.4 78.4 6 4.7
Rear-lever response rate 22.3 6 1.6 18.6 6 1.1 20.2 6 1.4 17.8 6 1.3
Errors following errors 40.5 6 4.0 37.0 6 4.6 35.8 6 3.3 30.6 6 4.2

None of the drug treatments had a significant effect on any secondary measure.
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neuronal firing rates. Such conditions could be triggered by the
sharp reduction in cholinergic transmission after 192IgG-saporin
lesions when surviving neurons may upregulate ACh release as a
compensatory response (Hökfelt et al., 1987). Under these cir-
cumstances, the putative inhibitory action of endogenously re-
leased galanin could induce further reductions in cholinergic
transmission and contribute to impaired memory processes.

A galanin antagonist could act to remove the hypothesized
inhibitory actions of galanin induced by neuronal damage. How-
ever, a previous study showed that intraventricular M40 alone had
no effect on DNMTP choice accuracy in lesioned rats, indicating
that eliminating the putative inhibitory effects of endogenous
galanin is not sufficient alone to reverse DNMTP choice accuracy
deficits after cholinergic lesions (McDonald et al., 1997). Rather,
the effect of a galanin antagonist may be detectable only in
potentiating the improvement gained by replacing the missing
acetylcholine.

The site of action for the observed M40 effect in the present
experiment is likely to be at a postsynaptic M1 receptor through
a common signal transduction mechanism. This interpretation is
based on previous observations that galanin inhibits carbachol-
stimulated phosphatidyl inositol hydrolysis in rats and monkeys
(Fisone et al., 1991; Palazzi et al., 1991) and that TZTP selec-
tively activates M1 receptors, which stimulate phosphatidyl inosi-
tol hydrolysis (Sauerberg et al., 1992). Our present working hy-
pothesis is that excess galanin, released in the lesioned condition,
attenuates the postsynaptic actions of an M1 agonist on its effector
system. Administration of a galanin antagonist, therefore, allows
the M1 agonist to exert its full postsynaptic efficacy. Further
experiments in our laboratory will be designed to test this hy-
pothesis and to investigate other potential sites of galanin–acetyl-
choline interaction, using combinations of M40 with cholinester-
ase inhibitors, presynaptic M2 autoreceptor antagonists, and
nicotinic agonists.

One implication of the present findings is that a galanin recep-
tor antagonist may improve the efficacy of a cholinergic agonist
for the treatment of the cognitive impairment of AD. Because of
the excessive galaninergic hyperinnervation of the remaining
NBM cholinergic cell bodies in AD (Chan-Palay, 1988a; Beal et
al., 1990; Mufson et al., 1993; Bowser et al., 1997), overexpressed
galanin may diffuse to postsynaptic sites to inhibit phosphatidyl-
inositol hydrolysis. In addition, excess galanin may act on cell
bodies of the basal forebrain to inhibit ACh release in terminal
fields, as reported in rats in a recent microdialysis study (Robin-
son et al., 1996b). Prevention of the putative inhibitory actions of
excess endogenous galanin in AD, when cholinergic transmission
is already sharply reduced, may allow cholinergic drugs to more
fully exert their therapeutic effects on the remaining cholinergic
neurons and receptors.

This first demonstration of a synergistic cognitive improvement
in cholinergically lesioned rats treated with a galanin antagonist
and a cholinergic agonist supports previous proposals for a drug
combination approach to address the changes in many neuro-
transmitter systems in AD (Sarter et al., 1990; Vitiello et al.,
1997). The need to investigate the multiple neurotransmitter
systems affected in AD is further indicated in the present exper-
iments, in which the combination of an M1 agonist and a galanin
antagonist was not sufficient to fully restore DNMTP choice
accuracy in lesioned rats up to sham control performance levels.
Alternatively, improved galanin receptor antagonists, with
greater receptor subtype selectivity, better bioavailability, and
longer half-life in vivo, may be necessary and sufficient to further

increase the efficacy of this drug combination. Development of
nonpeptide galanin receptor antagonists will provide the tools
necessary to test the hypothesis that a galanin antagonist will
potentiate the action of cholinergic agonists and improve cogni-
tive function in AD.
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