Galanin regulates the postnatal survival of a subset
of basal forebrain cholinergic neurons
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The neuropeptide galanin colocalizes with choline acetyltrans-
ferase, the synthetic enzyme for acetylcholine, in a subset of
cholinergic neurons in the basal forebrain of rodents. Chronic
intracerebroventricular infusion of nerve growth factor induces a
3- to 4-fold increase in galanin gene expression in these neurons.
Here we report the loss of a third of cholinergic neurons in the
medial septum and vertical limb diagonal band of the basal
forebrain of adult mice carrying a targeted loss-of-function muta-
tion in the galanin gene. These deficits are associated with a 2-fold
increase in the number of apoptotic cells in the forebrain at
postnatal day seven. This loss is associated with marked age-
dependent deficits in stimulated acetylcholine release, perfor-
mance in the Morris water maze, and induction of long-term
potentiation in the CA1 region of the hippocampus. These data
provide unexpected evidence that galanin plays a trophic role to
regulate the development and function of a subset of septohip-
pocampal cholinergic neurons.

he 29 amino acid peptide galanin (1) colocalizes with choline

acetyltransferase (ChAT) in 30-35% of cholinergic neurons in
the medial septum and vertical limb diagonal band (VLDB) of the
basal forebrain in the rat (2, 3). Most, if not all, of these galanin-
positive cholinergic neurons project to the hippocampus (2, 4).
These findings have led to a number of functional studies addressing
the role played by galanin in the basal forebrain cholinergic system,
including its effects on acetylcholine (ACh) release as well as
learning and memory. Acute administration of galanin into the
hippocampus or third ventricle of rodents inhibits scopolamine-
induced ACh release in a dose-dependent manner and is reversed
by the coadministration of the chimeric-peptide galanin receptor
antagonists M15 and M40 (5, 6). Centrally administered galanin
also has inhibitory effects on several tests of learning and memory
(7, 8). In contrast to these inhibitory actions, exogenous galanin has
no effect on the increased release of ACh that occurs when a rodent
is exposed to a novel environment (9). Neither of the galanin
antagonists has an effect on ACh release or on cognition in the
absence of exogenously administered galanin (5, 6). Similarly,
whereas exogenous galanin inhibits long-term potentiation (LTP)
in hippocampal CA1 slices that is reversed by the M40 galanin
antagonist, M40 has no effect on LTP when applied alone (10). In
addition, there is increasing evidence that the M15 and M40 ligands
may act as partial agonists in the hippocampus (11, 12) and as full
agonists in vitro to the cloned galanin receptor subtypes (13). These
somewhat conflicting data emphasize the limitations of the phar-
macological tools that are currently available and cast some doubt
on the role played by endogenously secreted galanin in the mod-
ulation of steady-state ACh release.

We have recently generated mice carrying a loss-of-function
mutation in the galanin gene (14) and have demonstrated that
galanin is (i) essential for the developmental survival of a subset of
cells in the dorsal root ganglia, and (i) a neuritogenic factor to
regenerating sensory neurons (15). We have now used these galanin

knockout animals to further define the role played by galanin within
the cholinergic basal forebrain system and its effects on memory
and cognition. In this paper, we demonstrate that the chronic
absence of galanin throughout development results in the loss of a
third of the cholinergic septohippocampal neurons. Cell loss by
apoptosis appears to occur at P7. These deficits are associated with
marked age-dependent deficits in stimulated ACh release, perfor-
mance in the Morris water maze, and induction of LTP in the CA1
region of the hippocampus. These data provide unexpected evi-
dence that galanin, like nerve growth factor (NGF), plays a trophic
role to a subset of septohippocampal cholinergic neurons. Because
NGF is known to induce galanin gene expression in the forebrain,
it is possible that the two proteins function together in a molecular
cascade to regulate basal forebrain cholinergic survival and
function.

Methods

Mutant Animals. All experiments were performed on 4- and 10-
month-old male mice homozygous for a targeted mutation in the
galanin gene. Age-matched wild-type littermates were used as
controls in all experiments. Details of the exact strain and breeding
history of the colony have previously been published (14, 16). In
brief, the generation of the galanin knockout mice was performed
by using the E14 cell line; the colony has remained inbred on the
1290laHsd strain and is currently at F16. All animals were fed
standard chow and water ad libitum. Animal care and procedures
were carried out within United Kingdom Home Office protocols
and guidelines. In all cases, experiments and data analysis were
performed with the observer blinded to the genotype of the animals
studied. All data are presented as mean = SEM.

Stereological and Histological Analysis. For stereological cell count-
ing, animals were perfused transcardially with 4% paraformalde-
hyde in phosphate buffer (pH 7.4), cryoprotected in 30% sucrose
in phosphate buffer at 4°C, and cut frozen at 40-um thickness on
a sliding knife microtome. Immunohistochemistry was performed
by using a human polyclonal ChAT (1:1,000; a gift of L. Hirsch,
University of Kentucky) and a polyclonal TrkA (1:10,000; a gift of
L. Reichardt, Howard Hughes Foundation, University of Califor-
nia, San Francisco) antibodies and visualized by metallic intensifi-

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: ChAT, choline acetyltransferase; VLDB, vertical limb diagonal band; ACh,
acetylcholine; LTP, long-term potentiation; NGF, nerve growth factor; TUNEL, terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick-end labeling; Pn, postnatal day n.

1G.0., U.C,, S.Y.M,, and J.K. contributed equally to this work.
**To whom reprint requests should be addressed. E-mail: d.wynick@bris.ac.uk.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Article published online before print: Proc. Natl. Acad. Sci. USA, 10.1073/pnas.210254597.
Article and publication date are at www.pnas.org/cgi/doi/10.1073/pnas.210254597

PNAS | October 10,2000 | vol.97 | no.21 | 11569-11574

NEUROBIOLOGY



Table 1. Mean total number of ChAT- and TrkA-immunoreactive neurons within basal forebrain subfields in

wild-type and galanin mutant mice 4 months of age

Vertical limb Horizontal Nucleus

Genotype Marker Medial septum DB limb DB Basalis
+/+ ChAT 2,645 + 224 1,966 + 295 1,735 = 244 10,357 = 586

TrkA 1,990 + 147 1,785 = 152 2,181 = 233 6,599 + 288
—-/= ChAT 1,740 = 272 1,262 * 196 1,305 £ 76 9,184 + 828

TrkA 1,223 = 168 1,235 £ 145 1,966 = 289 5,412 = 291
% reduction ChAT 34%** 36%** 25% 1%
+/+ vs —/— TrkA 39%** 31%* 10% 20%*

Statistically significant differences are noted for both markers in the medial septum and VLDB (t test, *, P < 0.05, **, P < 0.01, n = 6).

cation of diaminobenzidine, as previously reported (17, 18). The
total number of ChAT and TrkA immunopositive neurons within
the cholinergic basal forebrain subfields was determined by using
the optical fractionator, as previously reported (18). Briefly, the
basal forebrain was outlined at low magnification (X4 objective),
and at least 30% of the outlined region was measured with a
systematic random design by using dissector frames (442 wm) with
a X100 planar oil immersion lens with a 1.4 n.a. The average section
thickness was 30 wm. However, neurons were counted only within
a 20-um tissue height with guard heights of 5 um at the top and
bottom of each section. As previously demonstrated, antibody
penetration was uniform throughout the entire thickness of the
section (18).

Cellular apoptosis was measured by using age-matched mutant
and wild-type mice. The brains were removed and fixed by immer-
sion in 4% paraformaldehyde overnight at 4°C. Tissue was cryo
preserved in 20% sucrose, sectioned at 30 mm on a cryostat, and
processed with terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick-end labeling (TUNEL) to label apoptotic cells
(Boehringer Mannheim). Sections were counterstained by using
hematoxylin and were mounted. The total number of TUNEL-
positive cells was manually counted in the five adjacent sections that
covered the entire medial septum and VLDB.

ChAT Activity. Three hundred-micrometer sections of mouse brain
were cut on a cryostat and were kept frozen while the medial
septum and diagonal band were punched out and pooled. Two
hundred microliters of 10 mM phosphate buffer, pH 7.4, containing
0.1% Triton X-100 was added and the tissue homogenized on ice
in a 1.5-ml Eppendorf by 20 strokes of a close-fitting pestle. Two
microliters of sample was used in the assay. ChAT activity was
measured as previously described (19). Two microliters of homog-
enate was pipetted into Durham tubes on ice in triplicate. Blanks,
in duplicate, were boiled for 15 min. Five microliters of substrate
mix was added [final concentrations: choline bromide (10 mM)/
sodium chloride (300 mM)/sodium phosphate buffer, pH 7.4, (50
mM)/EDTA (10 mM)/eserine sulfate (0.1 mM)/1*C acetyl CoA
(0.1 mM)] sequentially to tubes and incubated at 37°C. After 10 min,
tubes were washed out with 1 ml ice-cold phosphate buffer. Four
hundred microliters of Kalignost (acetonitrile with 0.5% tetraphe-
nylboron) and subsequently scintillant were added. *C-ACh pro-
duced extracted into the organic phase and radioactivity was
measured by using a B-scintillation counter. Protein estimations
were carried out by using the Bio-Rad Protein Assay. Activity is
expressed as femtomol of ACh produced/minute/milligram pro-
tein and is corrected for genotype-related changes in the number of
ChAT-IR-positive neurons (see Table 1).

ACh Release Measured by in Vivo Microdialysis in the Hippocampus.
Microdialysis experiments were performed on awake freely moving
mice. One day before the experiment, animals were anesthetized
with pentobarbital (60 mg/kg i.p.) and fixed in a steretotaxic frame.
A CMA/7 microdialysis probe, 2-mm membrane length, was im-
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planted into the right hippocampus at coordinates: AP D —3.0 mm,
L + 3.0 mm, V —3.8 mm from the brain surface (20). A small
microscrew was placed into the skull and the whole assembly
secured with the dental cement (Dentalon Plus, Heraeus, Germa-
ny). The following day, the probe was perfused with Ringer solution
(147 mM NaCl/2.3 mM CaCl,/4 mM KCl) containing 10 uM
neostigmine at a flow rate of 1.25 ul/min. The first 100- to 120-min
dialysates were discarded, and then fractions were collected at
20-min intervals. ACh release was stimulated by perfusions with
Ringer containing 1 uM scopolamine-HBr. ACh in the microdi-
alysis samples was determined by microbore liquid chromatogra-
phy/electrochemistry on peroxidase redox polymer coated elec-
trodes, as previously described (21).

Behavioral Testing. A water maze was constructed with white
fiberglass to form a circular pool (1 M in diameter) and was filled
with water (24 = 1°C) rendered opaque by a white food dye. A
submerged platform (9 cm diameter) was positioned in the
northeast quadrant and was submerged 1 cm below the surface
of the water. A closed-circuit video camera, fitted with a
wide-angle lens, was mounted above the center of the pool. This
was connected to an image analyzer that digitized the image and
relayed it to a personal computer running the WATERMAZE
software package supplied by HVS Ltd., Cambridge, U.K.. Each
swim trial began when the mouse was placed in the water maze
at one of the four poles and ended when it climbed onto the
hidden platform. The time taken to locate the submerged
platform on each trial was recorded. If the mouse had not
climbed onto the platform within 60 s of the beginning of the
trial, the experimenter placed it there. The mouse remained on
the platform for 30 s, after which it was removed to a high-sided
opaque plastic container for a further 30 s. Each mouse was
trained with two trials per day for 20 days, and the mean latencies
to escape to the hidden platform (placed in the northeast
quadrant of the pool) were analyzed in 2-day blocks. The point
of entry was randomly assigned on each trial. At the end of the
acquisition phase, the spatial memory of each mouse was
assessed in a probe trial in which the submerged platform was
removed from the pool, and the animal was allowed to swim
freely in the pool for 60 s.

Electrophysiology. Mouse brains were dissected and placed in
ice-cold artificial cerebrospinal fluid (124 mM NaCl/3 mM
KCl/1T mM MgSQO4/1.25 mM NaH,PO,/26 mM NaH,CO;/2
mM CaCl,/10 mM D-glucose) that was saturated with 95%
CO2:5% 02350-um-thick transverse hippocampal slices were
prepared by using a Campden vibroslicer and two to three of
these immediately transferred to a submersion-type chamber at
32°C. Extracellular field responses were recorded by using thin
glass electrodes (0-5 MQ) filled with 4 M NaCl and placed in
stratum radiatum or oriens in the CAl area of the hippocampus.
Intracellular sharp electrode recordings were made in current
clamp by using 60-100 MQ) electrodes filled with 2 M potassium

O’Meara et al.



methylsulphate. Reproducible postsynaptic excitatory and/or
inhibitory synaptic responses were evoked by repetitive afferent
stimulation (0.67 Hz) of the same dendritic field by using bipolar
nickel-chromium electrodes. Porcine galanin used at 100 nM was
obtained from Peninsula Laboratories.

Results

A Subpopulation of Cholinergic Neurons Are Lost by Increased Cell
Death in the Basal Forebrain of Galanin Mutant Mice. To determine
whether the absence of galanin throughout pre- and postnatal brain
development affects the total number of cholinergic neurons in the
basal forebrain, stereological counting of ChAT and high-affinity
nerve growth factor receptor (TrkA) immunopositive cells, both of
which are markers of cholinergic neurons, was performed on adult
(4-month-old) animals. Approximately one-third of the cholinergic
neurons in the medial septum and VLDB are absent (Fig. 14).
Quantitation of these deficits (Table 1) demonstrates that the loss
of both cholinergic markers is highly significant (P < 0.01) and is
specific to the septohippocampal neurons. Consistent with this, a
marked decrease in ChAT staining was noted in the septohip-
pocampal cholinergic projections to the CA1 and CA2 fields and
the molecular layers of the hippocampus (Fig. 1B).

We hypothesized that the reduced populations of cholinergic
neurons in the basal forebrain of the mutant mice might be
caused by an increased loss of cells by apoptosis. To address this
and to define the time point during development when the cell
loss in the medial septum and VLDB occurred, we visualized
apoptosis in these subfields of age-matched wild-type and mu-
tant neonates by using the TUNEL method. No differences were
noted in the number of TUNEL-positive cells at postnatal day
three (P3) in age-matched wild-type and mutant animals (Fig.
24). In contrast, a highly significant 2.1-fold increase in the
number of TUNEL-positive cells was noted at P7 (Fig. 2.4 and
B) in the mutants, suggesting that there is a concerted wave of
cell death that occurs because of the absence of galanin.

Galanin Mutant Mice Demonstrate Age-Dependent Deficits in ACh
Release and Cognition. Basal forebrain ChAT activity and hip-
pocampal ACh release in conscious freely moving 4-month-old
animals were measured, because immunohistochemical detec-
tion of steady-state protein levels of forebrain and hippocampal
ChAT do not equate to activity of the synthetic enzyme or the
release of its product. These data reveal a 66% increase in ChAT
activity in the mutants (22 * 0.7 vs. 13 * 0.6 fmol/min/mg
protein/cholinergic neuron, mutant and wild-type, respectively;
t test P < 0.01, n = 8), associated with an unchanged response
to scopolamine stimulation of ACh release (Fig. 34). These
results imply that the remaining cholinergic cells have up-
regulated ChAT activity to compensate for the developmental
loss of a subset of cholinergic neurons, increasing ACh release.
As might be expected, no differences were noted in the perfor-
mance in the Morris water maze in young adult mutant animals
compared with age-matched wild-type controls (Fig. 4 4 and B).
Several studies have demonstrated an age-dependent reduc-
tion in the number of forebrain cholinergic neurons and ChAT
activity in the rat (22, 23). We therefore tested whether the
combination of developmental and age-related losses might
reveal deficits in stimulated ACh release and the Morris water
maze in older mutant animals. A 50% decrease in scopolamine-
stimulated ACh release was observed in 10-month-old mutants
(Fig. 3 B and C), which was paralleled by significant deficits in
performance in the Morris water maze in mutant animals when
compared with age-matched wild-type controls (Fig. 4 C and D).
Of note, the differences in mean latency to the platform and time
in the target quadrant during the probe test were not explained
by differences in swim speed between the two genotypes (Fig.
4D) nor by changes in motor function, as performance in the
rotarod test was unaffected by genotype (data not shown).
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Fig. 1. (A) Representative photomicrographs of adjacent basal forebrain
sections in wild-type and mutant animals stained for ChAT and TrkA, respec-
tively, demonstrating that one-third of cholinergic neurons are absent in the
medial septum and VLDB of mutants. (B) Photomicrographs of low- and
high-power fields of the septal/diagonal band cholinergic projections to the
hippocampus of wild-type and mutant animals stained for ChAT. Results
demonstrate a striking reduction in cholinergic innervation within the CA1
and CA2 fields and the molecular layers of the hippocampus in the mutant
animals. CA1, CA2, and CA3, hippocampal subfields; cc, corpus callosum; DG,
dentate gyrus; GrDG, granular layer of the DG; Mol, molecular layer of the
hippocampus; Or, stratum oriens; PoDG, polymorphic layer of the DG; Py,
pyramidal cell layer of the hippocampus.

LTP Deficits in the Galanin Mutant Mice Are Specific to the Stratum
Oriens. As the hippocampus is strongly implicated in spatial learning
tasks such as the water maze, we next investigated whether the
disruption in cognitive performance was reflected in dysfunctions
in the electrophysiological properties of the CAl region of mutant
animals (24). According to all of the criteria tested, the synaptic and
membrane properties of hippocampal neurons of 4-month-old
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Fig. 2. (A) The number of TUNEL-positive cells in medial septum and VLDB
sections from mutant and wild-type animals at various time points during
postnatal development was manually counted. The results are expressed as a
percentage of age-matched wild-type controls demonstrating a wave of
apoptosis in the mutants at P7 that was not seen at P3 (t test, **P < 0.01, n =
6). (B) Representative photomicrographs of basal forebrain sections in wild-
type and mutant animals, demonstrating a number of TUNEL-positive cells
(arrows) in the mutant section that is not present in the wild-type control.

mutant mice were apparently normal. Thus, equivalent glutama-
tergic and GABAergic synaptic responses were evoked by similar
intensities of stimulation in the Schaffer collateral commissural
pathway in both stratum oriens and stratum radiatum. Neurons
exhibited similar resting membrane potentials, input resistances,
and spike frequency adaptation in the two genotypes (data not
shown). Similarly, no differences in 4-month-old mutants were
noted in paired-pulse depression of population spikes or paired-
pulse facilitation of field excitatory postsynaptic potentials (EPSPs)
in either pathway or the slow muscarinic receptor-mediated EPSP
(EPSPy), which are most marked in the stratum oriens (25). In
contrast, although tetanically (100 Hz for 1 s) induced LTP in the
stratum radiatum (apical dendrites) appeared normal (Fig. 54
Right), the magnitude of LTP in the stratum oriens (basal dendrites)
was reduced in mutant mice when compared with wild-type con-
trols (Fig. 5A Left). This deficit was more pronounced in 10-month-
old animals, such that in this group, prolonged short-term poten-
tiation and not LTP was induced by 100 Hz for 1 s tetanus (Fig. 5B
Left). Analysis of the profile of LTP saturation induced by repeated
tetanic stimulation in the 10-month-old animals also revealed
marked deficits in the oriens that were not present in stratum
radiatum (Fig. 5C).

Discussion

The cholinergic basal forebrain is critically involved in cognition and
undergoes marked degeneration in Alzheimer’s disease (26). NGF
is the only factor known to be crucial to both the development and
maintenance of the cholinergic basal forebrain system and is
retrogradely transported from the hippocampus to the forebrain
(27). Chronic intracerebroventricular infusion of NGF up-regulates
ChAT gene expression and activity in the forebrain, thereby
increasing ACh release (28-30). The trophic role played by NGF is
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Fig.3. (A) The effect of 40-min perfusion of 1 uM scopolamine on ACh release

in the hippocampus of wild-type and mutant animals at 4 months of age was
studied. No significant differences in stimulated extracellular ACh levels were
noted in the wild-type and mutant groups (n = 6). In both groups, the released
ACh slowly returned to the basal values within 80—-100 min. (B) In the 10-month-
old animals, scopolamine-evoked ACh release was significantly attenuated in the
mutants compared with wild-type age-matched controls (t test, **P < 0.01; n =
5). () Similarly, the area under the curve (AUC 0-120 min) values was not
significantly different between the genotypes at 4 months of age but was
reduced by 47% in the 10-month-old animals (t test, **P < 0.01; n = 5).

evident because it prevents the death of cholinergic neurons in vivo
after axotomy (31, 32) and reverses the cognitive deficits associated
with lesion-induced damage to cholinergic pathways (33). Further,
targeted disruption of the high-affinity NGF receptor TrkA results
in a developmental loss of 40% of ChAT-IR neurons in the medial
septum associated with a doubling of the number of TUNEL-
positive neurons in the basal forebrain at P7 (34). Loss of one NGF
allele also results in cholinergic deficits associated with a decreased
performance in the Morris maze (35).

In rats, one-third of the cholinergic septohippocampal neu-
rons contain neuropeptide galanin, and chronic intracerebro-
ventricular infusion of NGF specifically induces galanin gene
expression 3- to 4-fold in these neurons (36). Our present
findings demonstrate that the pre- and postnatal absence of
galanin causes deficits in cholinergic cell number in the basal
forebrain of a similar magnitude and distribution to that noted
in mice that lack TrkA. Further, losses in both transgenic strains
of mice appear to be mediated by apoptotic mechanisms and to
occur at the same postnatal time point. These data are therefore
consistent with the hypothesis that NGF and galanin function
together in a molecular cascade to regulate basal forebrain
cholinergic survival and function. Further, the finding that the
neuropeptide galanin plays a developmental role to the basal
forebrain is not specific to the central nervous system. Galanin
is also essential for the postnatal developmental survival of a
subset of sensory neurons in the dorsal root ganglion (15). The
cell loss occurs at P3/4 and is associated with a marked
diminution in neuropathic pain behavior in adult mutants (16).

The actions of galanin as a trophic factor to basal forebrain
cholinergic neurons are likely to be mediated by the activation
of galanin receptors. One would therefore expect that the
neurons, which depend on galanin for their survival, would
express one or more of the galanin receptor subtypes at some
point in their development. Miller et al. failed to demonstrate
colocalization of the mRNA for the first galanin receptor
subtype (GALR1) with ChAT in the basal forebrain cholinergic
neurons (37). Most recently, data from O’Donnell ef al. dem-
onstrate that the newly cloned galanin receptor subtype, desig-
nated GALR?2, is also expressed at the mRNA level in the medial
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10-month-old (B Middle) wild-type and mutant animals induced by 100 Hz for 1s
tetanus. LTP is selectively impaired in the stratum oriens, and the magnitude of
the deficit is increased with age. (C) The bar graphs (Bottom) illustrate LTP
saturation profiles in the stratum oriens and radiatum of the hippocampal CA1
region in a separate group of 10-month-old mutant and wild-type mice (n = 4).
These profiles were generated by delivering a series of tetani, each comprising
100 Hz for 1 s, each tetanus separated from the next by a 30-min interval. No
significant differences were noted in the LTP saturation profiles in the stratum
radiatum (P > 0.05). In contrast, the magnitude of LTP induced by each consec-
utive tetanus in the stratum oriens of mutant animals was smaller than that
observed in wild-type mice (t test, *, P < 0.05, **, P < 0.01).

septum and VLDB (38). The same study demonstrated high
levels of GALR1 mRNA in the CALl fields of the hippocampus
but failed to detect GALR?2 in this region (38). Furthermore,
recent data that the two receptor subtypes couple to completely
different signal transduction pathways (39-42) imply that the
receptors may function in divergent molecular cascades and may
play separate roles relating to cellular growth and survival. At
present, antisera to the cloned receptor subtypes are unavailable,
thus expression studies at the protein level are not yet possible.

Irrespective of the exact mechanism underlying the developmen-
tal loss of one-third of the cholinergic septohippocampal neurons in
the galanin mutant animals, the resulting deficits may provide an

Fig. 4. (A) The performance of 4-month-old mutant mice (n = 20) in the
water maze is unchanged to that of 10-month-old matched wild-type con-
trols. An ANOVA on the mean latencies to escape with factors of genotype and
blocks revealed no significant main effect of genotype at 4 months of age. (B)
During the probe trial in which the platform was removed and the mice swam
freely for 60, there were no significant differences between the 4-month-old
galanin mutant mice and the age-matched wild-type control mice in the speed
at which they swam in the maze, the time they spent in the northeast
quadrant, the number of times they crossed the exact position of the platform,
and the distance they swam in the northeast quadrant. At this age, both
groups spent over 33% of their time during the probe trial in the northeast
quadrant, indicating both had encoded the position of the platform relative
to the spatial cues provided. (C) In contrast, at 10 months of age, the perfor-
mance of the wild-type control mice (n = 20) was significantly better from day
15 onward (P < 0.05) than that of the galanin mutant mice. (D) The behavior
of the 10-month-old galanin mutant mice was also significantly worse in the
probe trial than that of the wild-type controls, in that they spent significantly
less time in the northeast quadrant (P < 0.05, F = 9.04), swam a shorter
distance in the northeast quadrant (P < 0.05, F = 9.30), and made significantly
fewer crossings of the exact location of the platform at this age (P < 0.05, F =
4.98). These differences could not be accounted for by the speed at which they
swam, as this did not significantly differ from that of the wild-type controls,
suggesting an impairment in learning or memory.
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explanation for the observed phenotypic abnormalities in the water
maze. Previous data using the selective cholinergic neurotoxin192-
IgG-saporin indicated that cholinergic deficits had little effect on
tests of reference memory such as the Morris water maze (43, 44).
It should be noted, however, that in these studies destruction of the
medial septum and VLDB cholinergic neurons was by no means
complete. Moreover, the majority of these studies were performed
on adult animals, as compared with the more plastic developing
neonatal basal forebrain cholinergic system. The data reported
above might therefore be interpreted as indicating that selective and
repeated lesions by using the toxin at varying developmental phases
might have profound effects on hippocampal-dependent processes.
Compatible with this, neonatal lesioning with the toxin adminis-
tered shortly after birth (P4), which is then repeated in adulthood,
causes deficits in the water maze (45). It should also be noted that
our present data in no way exclude the possibility that the early loss
of ChAT containing septal/diagonal band neurons may well pre-
cipitate a reorganization/plasticity response within this region.
Further, we cannot exclude similar developmental deficits in the
hippocampus or in other brain regions of mutant animals that may
also contribute to the observed cognitive deficits.

As with the water maze results, hippocampal deficits and/or
reorganization may also contribute to impairment in LTP. The
specificity of the LTP deficits to the stratum oriens may relate
to the observations of a number of groups that the CA1l basal
dendrites receive a greater cholinergic input from the medial
septum and express higher levels of galanin than the apical
dendritic arbor (2, 46). Therefore, the developmental loss of
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galanin-responsive cells projecting to the oriens would have a
greater effect on this dendritic arbor than the radiatum. Lastly,
it is also possible that the loss of the direct inhibitory influence
of galanin on LTP, or an increased associative influence of
cholinergic inputs on LTP, in the adult may provide a further
explanation for our observations that LTP saturates more
quickly in the mutant animals (Fig. 5B).

The relative importance of the role played by galanin during
development compared with neuromodulatory effects in the
adult is central to the apparent paradox between the existing
pharmacological data and the present findings using the galanin
mutant animals. Most published pharmacological data indicate
that endogenous galanin release has little or no effect on
cognition or LTP in the intact rodent. It is therefore possible
that, in the adult, the predominant role played by galanin is
during states of high rates of neuronal firing such as injury or
anoxic damage. In these situations, galanin would limit injury by
acting both as a trophic factor and as an inhibitory neuromodu-
lator, reducing the release of the excitatory amino acids gluta-
mate and aspartate (47). Compatible with this hypothesis, en-
dogenous galanin release from the hippocampus is markedly
increased by electrical stimulation of the basal forebrain (48).
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