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Abstract

Intracerebroventricular injection of 5,7-dihydroxytryptamine (5,7-DHT) led to a 90% reduction of the 5-hydroxytryptamine (5-HT)

reuptake site. Behavioural symptoms were studied early (45 to 93 h) as well as late (11 to 14 days) in the postoperative period. Forty-five

hours postoperatively, recall of a place navigation task in a water maze was clearly impaired in 5,7-DHT-treated animals. This impairment

had disappeared by the fifth postoperative session. During the early test period, injection of scopolamine (0.5 mg/kg) or d-amphetamine (3.0

mg/kg) did not affect place recall of the vehicle-treated control group. In contrast, 5,7-DHT-treated animals were impaired by administration

of scopolamine, but not d-amphetamine. During the late test period, the place recall of both groups was affected by scopolamine, but only the

performance of the 5,7-DHT lesioned animals was sensitive to d-amphetamine. Locomotion was not severely affected at any time after 5,7-

DHT treatment. The vertical hole-board test indicated that the exploratory activities of the animals were relatively unaffected by 5,7-DHT

when measured 48 h postoperatively. At 14 days postsurgery, the 5,7-DHT-treated animals demonstrated an impaired habituation of the

exploratory behaviour.
D 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Intracerebroventricular administration of the neurotoxin

5,7-dihydroxytryptamine (5,7-DHT) leads to a substantial

and selective loss of serotonin (5-hydroxytryptamine, 5-HT)

in the brain. Serotonergic axons and axon terminals seem to

be the structures mainly affected by injections of 5,7-DHT

(e.g., Iijima et al., 1990). If an appropriate dosage of 5,7-

DHT is selected and injection of the toxin is combined with

protection of the dopaminergic and noradrenergic systems

by treatment with reuptake inhibitors, an almost complete

and selective depletion of serotonin from the brain of the rat

can be achieved by injections into the ventricles or the raphe

nuclei of the brainstem (e.g., Gately et al., 1986; Lyness and

Moore, 1981; Pranzatelli and Snodgrass, 1986a; Wenk et al.,

1987). A more restricted depletion of serotonin can be

obtained by injection of 5,7-DHT into individual brain

structures (e.g., Black and Robinson, 1985; Carter and

Pycock, 1979; Lyness and Moore, 1981).
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Functional studies of animals with near-total elimination

of serotonin provide information about the ways in which

the brain can mediate behaviour in the absence of serotonin.

Although being valuable contributions to the understanding

of the functions of the brain’s serotonergic system, such

studies are complicated by the sequence of dynamic changes

that lesions of serotonergic neurons provoke. As demon-

strated in studies of the consequences of the mainly chol-

inergic lesion produced by transection of the fimbria–fornix

(e.g., Dyon-Laurent et al., 1994; Gage and Björklund, 1986;

Gage et al., 1983a,b, 1984; Loy and Moore, 1977; Sara,

1989; Stenevi and Björklund, 1978), loss of the axonal

terminals within one neurotransmitter system leads to a

long-lasting chain of structural changes within a multitude

of other neurotransmitter systems. In addition, the elimina-

tion of the presynaptic element of serotonergic synapses

must be expected to provoke compensatory regulations of

postsynaptic serotonergic receptors. Consequently, the pro-

file of behavioural symptoms after injection of 5,7-DHT into

the brain is likely to depend on the duration of the ‘‘recovery

period’’ between 5,7-DHT administration and behavioural

testing.
ed.
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Changes in general activity, locomotion, or exploration

(Black and Robinson, 1985; Carter and Pycock, 1979; Dick-

son and Vanderwolf, 1990; Erinoff and Snodgrass, 1986;

Gately et al., 1986; Ismailova et al., 1990; Lyness andMoore,

1981; Pranzatelli and Snodgrass, 1986a,b; Stewart et al.,

1979; Vanderwolf, 1989; Vergnes et al., 1988; Williams et

al., 1990) have frequently been found after administration of

5,7-DHT to the rat. As argued elsewhere (Geoffroy and

Mogensen, 1988; Mogensen, 2003; Mogensen et al., 1994)

comparisons across such studies are often complicated by

methodological problems. The conceptual distinction

between exploration and locomotion is relatively easy. The

experimental analysis of these behavioural categories, how-

ever, is frequently unable to establish whether a change in

behaviour reflects the purely motoric modifications associ-

ated with the concept of locomotion or an alteration in the

more ‘‘cognitive’’ processes comprised within the concept of

exploration. A distinction between these categories of beha-

viour would only be possible if an experiment included

exploration-independent tests of locomotion and loco-

motion-independent tests of exploration.

Regional administration of 5,7-DHT has been found to

be associated with a broad spectrum of apparent changes in

locomotion and/or exploration (Black and Robinson, 1985;

Carter and Pycock, 1979; Ismailova et al., 1990; Lyness and

Moore, 1981; Pranzatelli and Snodgrass, 1986a; Vergnes et

al., 1988; Williams et al., 1990). Even within studies in

which locomotion and/or exploration have been examined

after global depletion of serotonin the results are inconsist-

ent (Dickson and Vanderwolf, 1990; Erinoff and Snodgrass,

1986; Lyness and Moore, 1981; Pranzatelli and Snodgrass,

1986a; Stewart et al., 1979; Vanderwolf, 1989). Pranzatelli

and Snodgrass (1986b) demonstrated that the habituation of

locomotion is impaired during the first week after adminis-

tration of 5,7-DHT—subsequently habituation of loco-

motion normalized. In addition, Gately et al. (1986) found

5,7-DHT-provoked changes in habituation of locomotion.

Three days after 5,7-DHT administration, habituation was

decreased whereas the same animals overhabituated on the

11th postoperative day. The indications that the temporal

pattern (habituation) of locomotion and/or exploration may

be changed in rats subjected to depletion of serotonin may

provide an explanation for some of the discrepancies

between the abovementioned studies. As argued elsewhere

(Mogensen et al., 1994), modified habituation of exploration

or locomotion can easily lead to confusing experimental

results if the temporal distribution of activity within a test

session is not taken into account.

In the present study we decided to examine rats suffering

5,7-DHT-provoked global serotonin depletion in the ‘‘activ-

ity cage’’ locomotion test and the ‘‘vertical hole-board’’

exploration test (Iversen and Mogensen, 1988). Because the

two tests are able to discriminate relatively well between

exploration and locomotion (Geoffroy and Mogensen, 1988;

Iversen and Mogensen, 1984, 1988; Mogensen and Divac,

1993; Mogensen et al., 1994), comparison between 5,7-
DHT-associated symptoms in the two tests should allow

conclusions about the relative involvement of exploration

and locomotion in the behavioural changes associated with

serotonin depletion. However, as discussed above, even

such tests may provide misleading results if the 5,7-DHT

treatment does not change a particular behaviour per se but

rather modifies the temporal distribution of the behaviour,

e.g., habituation. To address this issue each test was admin-

istered as a 1-h session during which data were collected

during three evenly spaced periods. This procedure made it

possible to evaluate whether serotonin-depleted and normal

animals display similar patterns of habituation. As men-

tioned above, the profile of behavioural symptoms after

serotonin depletion seems to depend on the length of the

delay between 5,7-DHT administration and behavioural

testing. Consequently, we decided to administer both the

above-described tests twice: approximately 48 h after injec-

tion of 5,7-DHT and again 14 days postoperatively.

Rats with 5,7-DHT-provoked global serotonin depletion

were able to acquire a place learning task in a water maze as

well as normal animals (Nilsson et al., 1988; Riekkinen et

al., 1990a). The serotonin depletion was, however, able to

potentiate the place learning deficits associated with lesions

of the septum (Nilsson et al., 1988) or the nucleus basalis

magnocellularis (Riekkinen et al., 1990a). These results

emphasize the importance of serotonergic/cholinergic inter-

actions in the brain and indicate that in the serotonin-

depleted rat brain, remaining neural systems are able to

mediate place learning at normal levels of proficiency.

Normal place learning by serotonin-depleted rats is, how-

ever, not necessarily an indication that serotonin does not

participate in mediation of the performance of this task in

intact animals. Only studies in which the place learning task

is acquired by the intact animal and the retention of the task

(place recall) is studied after serotonin depletion can estab-

lish whether the performance of a normally acquired place

learning task relies on serotonergic mechanisms. To test the

hypothesis that the serotonergic system contributes signific-

antly to mediation of the performance of a place learning

task if such a task has been acquired by the normal brain, we

decided to test the place recall of the two experimental

groups of the present study approximately 45 h after

injection of 5,7-DHT. Consequently, all animals were pre-

operatively trained on a place learning task in a water maze

until a high proficiency of task performance had been

reached. The first postoperative session was the critical test

for evaluation of our hypothesis. We did, however, decide to

continue training and testing of the place learning task for a

total of 12 postoperative sessions. If 5,7-DHT-treated ani-

mals were impaired on the first postoperative session,

subsequent sessions would allow us to study the potential

functional recovery of such rats.

After lesions of a structural or neurochemical system,

which in the normal brain contributes significantly to

mediation of place learning, the task may still be acquired

to a normal level of proficiency (e.g., Mogensen et al.,
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1995a,b, 2002; Wörtwein et al., 1995). In such instances, a

‘‘recovery’’ may be mediated by compensatory neural

mechanisms. The neurochemical and/or structural identity

of such compensatory neural mechanisms may be elucidated

by pharmacological and/or surgical ‘‘challenges’’ (see

Mogensen et al., 1995b), which are administered after

successful task acquisition by brain-damaged animals (for

further discussion, see Mogensen et al., 1995b, 2002;

Wörtwein et al., 1995). We decided to address the question

of serotonergic/cholinergic interactions (e.g., Nilsson et al.,

1988; Riekkinen et al., 1990a; Wenk et al., 1987) in spatial

cognition by administration of pharmacological challenges

during early as well as late phases of the postoperative place

recall tests. The cholinergic challenge chosen was adminis-

tration of the muscarinergic receptor antagonist scopolamine

(intraperitoneal [ip] injection at a dose of 0.5 mg/kg body

weight). Furthermore, we decided to hyperactivate (and

thereby functionally impair) the catecholaminergic systems

by administration of the indirect catecholaminergic agonist

d-amphetamine (ip injection at a dose of 3.0 mg/kg body

weight). Scopolamine was administered on the 2nd and 9th

postoperative session while d-amphetamine was adminis-

tered on the 3rd and 12th postoperative session. We did not

expect d-amphetamine to significantly impair the place

recall of any of the experimental groups (e.g., Mogensen

et al., 1995b), and although a certain level of scopolamine-

induced behavioural impairment was expected in the control

group (e.g., Mogensen et al., 1995b), the most substantial

behavioural impairment was expected after scopolamine

administration to 5,7-DHT-treated animals (e.g., Nilsson et

al., 1988; Riekkinen et al., 1990a).

After completion of the behavioural procedures, quant-

itative receptor assays were performed on brain homoge-

nates from the animals of both groups. The receptors studied

were the serotonin reuptake site, the noradrenaline reuptake

site, the serotonergic 5-HT1A, 5-HT1B, and 5-HT2A recep-

tors, and the b-adrenergic receptors. The serotonin reuptake

site was mainly studied to evaluate the extent to which

serotonergic axon terminals had been eliminated by 5,7-

DHT administration, whereas the noradrenaline transporter

was measured as an index of the extent to which noradre-

nergic terminals had been damaged by 5,7-DHT. The

quantitative assays of the 5-HT1A, 5-HT1B, 5-HT2A, and

b-adrenergic receptors were performed to gain information

about some of the receptor regulations that might occur after

a ‘‘global’’ depletion of serotonin.
2. Methods

2.1. Subjects

The subjects were 16 experimentally naive male Wistar

albino rats weighing approximately 250 g at the beginning of

the experiment. They were housed individually in cages

where commercial rat chow and water were always available.
The animals’ living quarters were maintained on a 12-h light/

dark cycle (lights on at 0600 h). The rats were divided into

two experimental groups according to the quality of their

preoperative performance of the place recall task (see General

procedure). The animals of one experimental group received

intracerebroventricular injections of 5,7-DHT (n = 8); the rats

of the control group were subjected to intracerebroventricular

administration of a ‘‘vehicle’’ solution (n = 8). Forty-eight

hours prior to the initial place learning training session all

animals were dyed black on the neck.

The experimental protocol was approved by the Danish

National Review Committee for the use of Animal Subjects

(‘‘Dyreforsøgstilsynet’’), and all procedures were in com-

pliance with the European Communities Council Directive

of 24 November 1986 (86/609/EEC).

2.2. Surgery

Prior to surgery each animal was pretreated with desme-

thylimipramine (25 mg/kg ip, 60 min before surgery) and

nomifensine (10 mg/kg ip, 30 min before surgery).

Anaesthesia was achieved by ip injections of Equithesin

(3.3 mg/kg) and 1% atropine sulphate (0.9 mg/kg). Surgery

was performed under clean but nonsterile conditions. The

intracerebroventricular injections were performed stereotac-

tically with the aid of an injection unit. The coordinates of

the injections were 1.00 mm anterior to bregma and 0.95

mm lateral to the sagittal suture (in both hemispheres). The

tip of the cannula of the injection unit was lowered to an

injection position 4.20 mm ventral to the dura.

Each animal of the 5,7-DHT group received 0.2 mg 5,7-

DHT dissolved in 20 ml of a 0.1% aqueous solution of

ascorbic acid. Ten microliters was injected into each of the

lateral ventricles (at the coordinates indicated above). For

the animals of the control group, 10 ml of the ascorbic acid

vehicle was injected into each of the lateral ventricles.

After each intracerebroventricular injection the cannula

was allowed to remain in place for at least 10 min.

2.3. Apparatuses

2.3.1. Water maze

The water maze in which training and tests of place

learning and place recall tasks were performed has been

described in detail previously (e.g., Mogensen et al., 1995b)

and consisted of a circular water tank measuring 1.85 m in

diameter by 0.50 m in height. All parameters involving time

were measured in seconds, and all distances were measured

in arbitrary units (‘‘pixels’’).

2.3.2. Activity cage

The activity cage was a wooden, gray box with no top.

The floor measuring 40� 25 cm was free to tilt around the

midpoint of the longer axis, thereby activating two micro-

switches situated immediately below floor level. The pres-

sure required to activate a microswitch (when applied at



Table 1

Summary of the timeline of the general procedure

Day Procedures Injections preceding

place learning/

place recall

Preoperative

1–14 Preoperative sessions 1–14 of place

learning

Saline

15 ‘‘Preoperative retention test’’ of

place recall

Saline

16 Pause

17 Surgery

Postoperative

1 Pause

2 1st postoperative place recall session,

locomotion/exploration tests

Saline

3 2nd postoperative place recall session Scopolamine

4 3rd postoperative place recall session d-Amphetamine

5 4th postoperative place recall session Saline

6 5th postoperative place recall session Saline

7 6th postoperative place recall session Saline

8 7th postoperative place recall session Saline

9 8th postoperative place recall session Saline

10 9th postoperative place recall session Scopolamine

11 10th postoperative place recall session Saline

12 11th postoperative place recall session Saline

13 12th postoperative place recall session d-Amphetamine

14 Locomotion/exploration tests
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either end of the longer axis) was 8 g. The walls were 43 cm

high. The cage was situated in a dark, sound-shielded

chamber and solid-state equipment recorded the activity of

the microswitches.

2.3.3. Vertical hole-board

One semiopaque, 8-mm-thick wall in a 25.6-cm-wide,

26.5-cm-deep, and 22.5-cm-high opaque chamber had 54

holes (diameter 0.7 cm; arranged in six horizontal and nine

vertical lines). The centre-to-centre distance between holes

was horizontally and vertically 2.5 cm and diagonally 3.5 cm.

The top of the box also served as door to the chamber. The

floor of the chamber consisted of a wiregrid. The wall

containing the holes had a grid of 3-mm-wide channels

imbedded in it. Each channel had an infrared light-emitting

diode (LED) at one end and a photocell at the other end. The

grid was arranged in such a way that each hole contained the

crossing of one horizontal and one vertical line at its centre.

Nose poking would break the infrared light beams of the two

channels. The photocells were connected to an interface card

through which the data were collected by a computer. A

detailed description of this apparatus has been published

separately (Iversen and Mogensen, 1988). The hole-board

apparatus was placed in a sound-shielded enclosure and all

testing was performed in complete darkness.

2.4. Behavioural procedures

2.4.1. General procedure

Preoperatively, all animals were subjected to 14 daily

sessions of place learning in a water maze. The 15th session

(on Day 15 of the experiment) served as a ‘‘preoperative

retention test’’—constituting the preoperative test of place

recall. Two days after the preoperative place recall test all

animals were operated as described. The rats were divided

into the two experimental groups on the basis of their

performance during the preoperative place recall test—a

procedure resulting in two groups of nearly equal preoper-

ative performance levels. Forty-five hours after the comple-

tion of surgery all animals were subjected to the initial

postoperative place recall session. The second and third

postoperative tests of place recall were conducted 24 and 48

h after the initial postoperative place recall session. While

the preoperative sessions of place learning/place recall as

well as the initial postoperative place recall session were all

preceded by ip injections of saline, the second postoperative

place recall session was preceded by ip injection of scopol-

amine (SAD, Denmark) at a dose of 0.5 mg/kg body weight,

and the third postoperative place recall session was preceded

by ip injection of d-amphetamine (Sigma, USA) at a dose of

3.0 mg/kg body weight. All subsequent place recall sessions

except the 9th and 12th were preceded by ip injections of

saline. The 9th postoperative place recall session was

preceded by ip injection of scopolamine (SAD) at a dose

of 0.5 mg/kg body weight, while the 12th postoperative

place recall session was preceded by ip injections of d-
amphetamine (Sigma) at a dose of 3.0 mg/kg body weight.

All injections were given 20 min before the place recall

session. All postoperative place recall sessions were sepa-

rated by intervals of 24 h.

The activity cage locomotion test and the vertical hole-

board exploration test were both administered twice: 48 h

and 14 days after surgery. Within both experimental groups,

the order in which the two tests were administered was

completely balanced.

Twenty-four hours after the last behavioural test the

animals were decapitated under CO2 anaesthesia and the

brains (not including the cerebellum) were removed and

kept at � 80 �C until analysis.

For a summary of the timeline of the general procedure,

see Table 1.

During all behavioural procedures the experimenter was

kept ignorant about the group to which an individual rat

belonged.

2.4.2. Place learning and place recall

The behavioural procedures were similar to those

described by Mogensen et al. (1995b). Briefly, each animal

was given five trials (swims) per session. Each trial had as its

start position one of the locations N, S, E, or W. A given start

position was not allowed to be selected on more than two

trials and the start positions were otherwise randomly

selected. The following parameters were considered: the total

swim distance, the total duration of a swim, the average speed

of a swim, the mean distance to platform, the heading angle



Fig. 1. Results of the activity cage tests. Upper panel: In the 5,7-DHT-

treated rats, the latency to first activity count was increased 48 h but not 14

days postoperatively. Hatched bars: 5,7-DHT-treated animals. Open bars:

vehicle-treated control animals. Values are given as medians (with ranges in

the upper panel). *P< .05. Middle and lower panel: The number of activity

counts accumulated during three 10-min intervals on the first (48 h) and

second (14 days) postoperative sessions. Triangles: 5,7-DHT-treated

animals. Squares: vehicle-treated control animals.
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error, and the percentage of the swim duration during which

the animal was found in each of the four quadrants, the

percentage of the swim duration during which the animal was

found in each of three maze-centred annuli, and the percent-

age of the swim duration spent in each of three platform-

centred annuli. Twenty minutes before each session of place

learning/place recall all animals received an ip injection at the

volume of 1.0 ml/kg body weight. Substances injected were

saline, scopolamine, and d-amphetamine; distribution of

substances across sessions is described above.

2.4.3. Activity cage

The animal was placed in the activity cage, the door of the

sound-shielded chamber closed, and the 60-min recording

session was immediately started. The parameters considered

in this test were the latency (in seconds) to the first micro-

switch activation after the initiation of the session and the

number of microswitch activations (‘‘counts’’) during three

(10 min long) time intervals: the first 10 min of the session,

the interval from the 26th to the 35th min (both included), and

the final 10 min of the session.

2.4.4. Vertical hole-board

The animal was placed in the hole-board apparatus; the top

of the hole-board chamber and the sound-shielded enclosure

were closed, and the rat was allowed 60 min of undisturbed

exploration. The apparatus automatically recorded all hole

visits, storing the information about duration and position of

the visit. A hole visit was registered if the animal simulta-

neously broke both a horizontal and a vertical infrared line,

thereby also indicating the position at which the visit

occurred. Previous experience indicates that almost all such

visits are performed by passing the nose and, in some

instances, also the mouth through a hole. From the computer

files containing the data the following parameters were

calculated: the latency from initiation of the session to the

occurrence of the first hole visit; the total number of visits; the

total time spent visiting holes; the mean duration of indi-

vidual visits; the number of different holes visited; the mean

number of visits per visited hole; the number of visits to the

sixth (lowermost) row of holes as percentage of the total

number of visits (a parameter that might reflect motoric

impairments via the animal’s potential inability to reach

higher rows); the number of short (duration < 0.5 s) visits

as percentage of the total number of visits; and the number of

clusters of visits (a cluster of visits is defined by the temporal

proximity of consecutive visits; if the intervisit time exceeds

10.0 s, the following visit constituted the first visit of the next

cluster). The 60-min session was divided into three 20-min

intervals and all the abovementioned parameters were ana-

lysed separately within each of these intervals.

2.5. Receptor assays

Brain membranes were prepared as follows: The brains

were homogenized with an Ultraturrax homogenizer for 10 s
at three fourths of maximum speed in a buffer containing

150 mM NaCl, 20 mM ethylenediaminetetraacetic acid

(EDTA) and 50 mM Tris, pH 7.5 at 0 �C. The homogenate

was centrifuged and the membranes washed with the same

buffer. The drained membranes were lysed and rehomogen-

ized and lysed in buffer containing 5 mM EDTA and 5 mM
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Tris, pH 7.5 at 0 �C. The membranes were centrifuged and

washed twice with Buffer 1 containing 120 mM NaCl, 5

mM KCl, 50 mM Tris, pH 7.5. Finally, the membranes were

suspended in Buffer 1 at a protein concentration of about 6

mg/ml and kept at � 80 �C until required.

Membrane protein concentrations were determined using

Peterson’s (1977) modification of the Lowry method. The

tritiated ligands used in the receptor assays were purchased

from Amersham.

Receptor binding was determined as described in Johan-

ning et al. (1992). With respect to the 5-HT uptake site, Bmax
Fig. 2. Results of the vertical hole-board tests. Values are given as medians. Left c

of hole visits during the first of three 20-min intervals differed significantly betw

During the second postoperative session (14 days), both the number of hole visits a

of three 20-min intervals. Triangles: 5,7-DHT-treated animals. Squares: vehicle-tr
for [3H]paroxetine binding was determined at 20 �C in a

final volume of 2000 ml of Buffer 1, containing 100 ml
membrane suspension and [3H]paroxetine at one of six

concentrations between 0.04 and 0.6 nM. Specific binding

was determined by using 1 mM citalopram as the displacing

agent. With respect to the 5-HT1A receptor, Bmax for [
3H]8-

OH-DPAT binding was determined at 20 �C in a final

volume of 300 ml of Buffer 1 (including 5 mM MgCl2)

containing 50 ml membrane suspension and [3H]8-OH-

DPAT at one of six concentrations between 0.1 and 2.0

nM. Specific binding was determined by using 1 mM
olumn: During the first postoperative session (48 h), only the mean duration

een 5,7-DHT-injected and vehicle-treated control animals. Right column:

nd the total duration of hole visits differed between groups during the second

eated control animals. *P< .05. * *P < .01.
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buspirone as the displacing agent. With respect to the 5-

HT1B receptor, Bmax for [
3H]5-HT binding was determined

at 0 �C in a final volume of 500 ml of Buffer 1 (including 50

nM 8-OH-DPAT, 5 mM ascorbic acid, 10 mM pargyline),

containing 50 ml membrane suspension and [3H]5-HT at one

of 10 concentrations between 0.1 and 6.0 nM. Specific

binding was determined by using 1 mM RU24969 as the

displacing agent. With respect to the 5-HT2A receptor, Bmax

for [3H]ketanserine binding was determined at 20 �C in a

final volume of 300 ml of Buffer 1 (including 5 mM MgCl2)

containing 50 ml membrane suspension and [3H]ketanserine

at one of six concentrations between 0.25 and 4.0 nM.

Specific binding was determined by using 10 mM mianserin

as the displacing agent. With respect to the b-adrenergic
receptors, Bmax for [3H]dihydroalprenolol (DHAP) binding

was determined at 20 �C in a final volume of 300 ml of
Buffer 1 (including 5 mM MgCl2) containing 50 ml mem-

brane suspension and [3H]DHAP at one of six concentra-

tions between 0.1 and 1.5 nM. Specific binding was

determined by using 1 mM propranolol as the displacing

agent. With respect to the NA uptake site, Bmax for

[3H]nisoxetine binding was determined at 20 �C in a final
Fig. 3. Results of the vertical hole-board tests. Values are given as medians. Lef

differences between 5,7-DHT-treated and vehicle-treated control animals. Right col

different holes visited and the number of visits per visited hole differed between gro

animals. Squares: vehicle-treated control animals. *P< .05.
volume of 300 ml of buffer 1 with the addition of NaCl (300

mM NaCl, 5 mM KCl, 50 mM Tris, pH 7.5), containing 50

ml membrane suspension and [3H]nisoxetine at one of six

concentrations between 0.2 and 4.0 nM. Specific binding

was determined by using 1 mM desimipramine as the

displacing agent.

2.6. Statistical analysis

Because the behavioural data could not be expected to be

normally distributed nonparametric statistics were chosen

for the statistical analysis. To evaluate potential effects of

the administration of 5,7-DHT on place recall, separate

analyses were performed for the two experimental groups

comparing the performance on the last preoperative place

recall session to the performance on the first postoperative

place recall session (utilizing a paired design in which pre-

and postoperative performances were compared within

individuals) (Wilcoxon matched pairs test, two-tailed; Sie-

gel, 1956). Potential effects of the pharmacological chal-

lenges administered on the 2nd, 3rd, 9th, and 12th

postoperative place recall sessions were all evaluated by
t column: During the first postoperative session, there were no significant

umn: During the second postoperative session (14 days), both the number of

ups during the second of three 20-min intervals. Triangles: 5,7-DHT-treated
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within-group comparisons between performance on

the relevant session of pharmacological challenge and

the immediately preceding place recall session that had

been preceded by saline administration. Direct comparisons

between the two experimental groups (utilizing the Mann–

Whitney U test, two-tailed; Siegel, 1956) were performed

on three place recall sessions: the last preoperative session,

the first postoperative session and the fifth postoperative

session. The performance of the two experimental groups in

the activity cage and vertical hole-board tests were com-

pared using the Mann–Whitney U test, two-tailed (Siegel,

1956), for all the parameters studied.

The results of the receptor assays were analyzed by

comparing the Bmax and KD values of the two experimental

groups using t tests (two-tailed) (Winer, 1962).
3. Results

3.1. Activity cage test

The results of the two postoperative activity cage tests

are illustrated in Fig. 1. The only significant group differ-
Fig. 4. Pre- and postoperative place recall. Values are given as medians with ranges

were significantly impaired. This impairment had normalized by the fifth postope

treated control animals. *P < .05, * *P< .01.
ence (P < .05) found occurred between the latencies to first

microswitch activation of the two experimental groups on

the first postoperative test (Fig. 1).

3.2. Vertical hole-board test

Aspects of the results obtained in the two postoperative

vertical hole-board tests are illustrated in Figs. 2 and 3.

Statistical comparisons between the two experimental

groups revealed the significant group differences illustrated

in Figs. 2 and 3.

3.3. Place recall

Aspects of the results from the place recall tests are

illustrated in Figs. 4–6. Whereas comparison of the

performance of the two experimental groups on the last

preoperative and fifth postoperative place recall sessions

revealed no significant group differences, a number of

significant group differences were found on the first

postoperative place recall session. On this session, sig-

nificant group differences were found on the following

parameters: the swim distance (P < .01), the swim dura-
. During the first postoperative place recall session, 5,7-DHT-treated animals

rative session. Hatched bars: 5,7-DHT-treated animals. Open bars: vehicle-



Fig. 5. The effects of scopolamine (Scop., 0.5 mg/kg. ip) and d-amphetamine (Amph., 3.0 mg/kg ip) on place recall. Left column: 5,7-DHT-treated animals.

Right column: vehicle-treated control animals. Values are given as medians with ranges. Scopolamine affected place recall of 5,7-DHT-treated animals during

early (Session 2, 72 h postoperatively) as well as late (Session 9, 10 days postoperatively) phases of testing. Scopolamine affected only the performance of the

vehicle-treated control group on Session 9. d-Amphetamine affected only place recall of 5,7-DHT-treated animals during late phases of testing (Session 12, 13

days postoperatively) and never affected the performance of the control group. Sal.: saline. *P < .05, * *P < .01.

J. Mogensen et al. / Pharmacology, Biochemistry and Behavior 75 (2003) 381–395 389
tion (P < .05), the mean distance to platform (P < .01), the

heading angle error (P < .01), the per-centage swim time

spent in the SW quadrant (P < .05, the 5,7-DHT-treated

animals having the higher value), the percentage swim

time spent in the SE (platform-containing) quadrant

(P < .01, the 5,7-DHT-treated animals having the lower

value), the percentage swim time spent in the middle

maze centred annulus (P < .05, the 5,7-DHT-treated ani-

mals having the lower value), the percentage swim time

spent in the inner platform centred annulus (P < .05, the

5,7-DHT-treated animals having the lower value), and the

percentage swim time spent in the outer platform centred

annulus (P < .05, the 5,7-DHT-treated animals having the

higher value).

Whereas comparisons between the last preoperative

place recall session and the first postoperative place recall

session of the vehicle-treated control group failed to reveal

any significant surgery associated behavioural changes,

similar comparisons between the immediately pre- and

postoperative place recall sessions of 5,7-DHT-treated ani-
mals revealed the significant postoperative impairments,

which are illustrated in Fig. 4.

The initial administration of the scopolamine challenge

to the vehicle-treated control group was only associated

with one significant (P < .05) behavioural symptom—the

increased heading angle error illustrated in Fig. 6. The initial

administration of the d-amphetamine challenge to the

vehicle-treated control animals was not associated with

any significant behavioural changes. The second adminis-

tration of a scopolamine challenge to the vehicle-treated

control group was associated with the significant symptoms

illustrated in Figs. 5 and 6, as well as the following

significant changes: a significantly (P < .01) increased per-

centage of the swim time spent in the NW quadrant, a

significantly (P < .01) decreased percentage swim time

spent in the SE (platform-containing) quadrant, a signific-

antly (P < .01) decreased percentage swim time in the inner

platform centred annulus, and a significantly (P < .01)

increased percentage swim time in the outer platform

centred annulus. The second administration of the d-



Fig. 6. The effects of scopolamine (Scop., 0.5 mg/kg ip) and d-amphetamine (Amph., 3.0 mg/kg ip) injection on place recall. Left column: 5,7-DHT-treated

animals. Right column: vehicle-treated control animals. Values are given as medians with ranges. Scopolamine affected the quality of place recall of 5,7-DHT-

treated animals during early (Session 2, 72 h postoperatively) but not late (Session 9, 10 days postoperatively) phases of testing. Scopolamine affected the

quality of performance of the vehicle-treated control group during both phases of testing. d-Amphetamine never affected the quality of place recall of either

experimental group. Sal.: saline. *P < .05, * *P< .01.
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amphetamine challenge to the vehicle-treated control ani-

mals was not associated with any significant behavioural

changes.

The initial administration of the scopolamine challenge

to the 5,7-DHT-treated group was associated with the

significant behavioural changes illustrated in Figs. 5 and

6, while the initial administration of the d-amphetamine
Table 2

Results of the receptor assays

5-HT uptake site 5-HT1A receptor 5-HT1B receptor

Ligand [3H]Paroxetine [3H]8-OH-DPAT [3H]5-HT

Displacer Citalopram Buspirone RU24969

Group 5,7-DHT Saline 5,7-DHT Saline 5,7-DHT Saline

Bmax (fmol/mg

protein)

49a (4) 471 (12) 30 (1.4) 32 (1.2) 45 (2) 52 (3)

P values P< .001 NS NS

KD (nM) 0.025

(0.002)

0.033

(0.003)

1.0

(0.05)

0.9

(0.04)

0.5

(0.04)

0.6

(0.04)

a Values are given as mean (standard error of the mean).
challenge to the 5,7-DHT-treated animals did not provoke

any significant behavioural changes. The second adminis-

tration of the scopolamine challenge to the 5,7-DHT-treated

animals as well as the second administration of the d-

amphetamine challenge to this experimental group were

associated with the significant behavioural changes illus-

trated in Figs. 5 and 6.
5-HT2A receptor Beta-adrenergic receptors Noradrenergic uptake site

[3H]Ketanserine [3H]DHAP [3H]Nisoxetine

Mianserin Propranolol Desimipramine

5,7-DHT Saline 5,7-DHT Saline 5,7-DHT Saline

115 (4) 119

(5)

55 (2) 53 (3) 87 (2) 92 (4)

NS NS NS

1.9

(0.1)

1.7

(0.2)

0.7 (0.1) 0.7

(0.1)

2.0 (0.06) 2.1

(0.1)
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3.4. Receptor assays

For the results of the receptor binding studies, see Table

2. Only the Bmax of the serotonin reuptake site was signific-

antly reduced (P < .001).
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4. Discussion

The magnitude and selectivity of the 5,7-DHT-provoked

lesion of the serotonergic system is emphasized by the

outcome of the biochemical analyses. The elimination of

90% of the serotonin reuptake sites reflects a relatively

complete lesion of the serotonergic axon terminals. The

unchanged Bmax of the noradrenaline reuptake site indicates

that the lesion left the noradrenergic system intact. On the

background of a 5,7-DHT-provoked 90% reduction of the

Bmax of the serotonin reuptake site, it is rather surprising to

find the Bmax of the 5-HT1B receptor unaffected by the toxin,

as the 5-HT1B receptor is thought to act as a presynaptic

autoreceptor. These results therefore suggest that the 5-HT1B

receptor may have additional functions, and that the major-

ity of this receptor pool actually is not situated on seroto-

nergic terminals. These speculations are in agreement with

the distribution of 5-HT1B receptor messenger RNA in the

guinea pig brain (Bonaventure et al., 1998), as well as with

the immunocytochemical localization of this receptor to

nonserotonergic axons and endothelial cells of microvessels

(Riad et al., 1998, 2000; Sari et al., 1999).

The biochemical analyses performed in the present study

demonstrated the selectivity of the lesion by indicating an

almost complete elimination of the serotonergic system

while showing no sign of damage to the noradrenergic

system. No analysis was performed within the dopaminergic

system. Future studies should include such analysis to

exclude the possibility of unwanted damage to dopaminergic

neurons. It should, however, be remembered that at the time

of 5,7-DHT injection both the dopaminergic and noradre-

nergic systems were protected by reuptake inhibitors.

Effects of 5,7-DHT injections were neither found on the

Bmax nor the KD values of the studied postsynaptic recep-

tors—neither the serotonergic 5-HT1A and 5-HT2A receptors

nor the b-adrenergic receptors (Table 2). The present data

offer only an analysis of these receptors after one post-

operative survival period (21 days). Consequently, one

cannot easily interpret the lack of effects of 5,7-DHT

treatment upon the studied receptors. The apparent lack of

postsynaptic receptor regulations is, however, rather surpris-

ing, because other manipulations that affect the availability

of serotonin in the synaptic cleft are known to cause

regulations of, for instance, the 5-HT2A receptor (e.g.,

Johanning et al., 1992). Numerous serotonergic as well as

nonserotonergic receptors remain to be studied and those

addressed in the present experiment should be measured

after a range of postoperative survival periods. It may,

however, tentatively be concluded that at a point when
functional results indicate that the reactive neural reorgan-

ization that is initiated by 5,7-DHT administration has

progressed to such an extent that the pattern of ‘‘late’’

symptoms is established, there is no indication that neither

the Bmax nor the KD of the presently studied postsynaptic

serotonergic receptors are modified.

The only locomotion-associated parameter to dem-

onstrate a significant effect of the serotonergic depletion

was the latency to first count on the first activity cage

session—a test which was conducted approximately 48 h

postoperatively (Fig. 1). Because neither the absolute levels

of locomotion nor the habituation pattern of activity in the

activity cage revealed significant effects of 5,7-DHT treat-

ment, the significantly increased latency to initiate loco-

motion should not necessarily be seen as an indication of a

motoric impairment. It can be argued that although the

number of counts in the activity cage seems to be a rather

exploration-free measure of locomotor activity, the latency

to initiate locomotion is potentially more influenced by the

exploratory tendencies of the animal.

The vertical hole-board exploration tests indicated that

even the exploratory activities of the animals were relatively

unaffected by 5,7-DHT treatment when measured approx-

imately 48 h after administration of the toxin (Figs. 2 and 3).

Only the mean duration of visits during the initial 20-min

period of the test session was significantly decreased by

serotonin depletion. In contrast to the relatively normal

locomotion, exploration—and habituation of both—48 h

postoperatively, the pattern of exploratory activities meas-

ured approximately 14 days after 5,7-DHT administration

differed significantly from the exploration pattern of normal

animals (Figs. 2 and 3). During the second 20-min period of

the vertical hole-board session administered 14 days post-

operatively, the 5,7-DHT-treated animals explored the ver-

tical hole-board significantly more than the control-treated

animals. During the first and last 20-min periods of the same

1-h session, the two treatment groups did not differ signific-

antly. The pattern of result seems to indicate that what is

affected by depletion of serotonin is the habituation of

exploration rather than the exploratory behaviour as such.

If the 5,7-DHT-associated behavioural changes were an

increase in the exploratory tendencies per se, one would

have expected a hyperexploration during the initial 20-min

period of the test session. Consequently, it has to be con-

cluded that the pattern of results obtained in the present study

indicates that (1) exploration rather than locomotion is

affected by depletion of serotonin; (2) the 5,7-DHT-provoked

modifications of exploratory behaviour reflect an impaired

habituation of exploration rather than a shift in the basic level

of exploratory activities; and (3) the serotonin-depletion-

associated changes in habituation of exploration do not

appear immediately after the lesion. As discussed in the

Introduction numerous reactive processes are likely to occur

after neurotoxic lesions of serotonergic axon terminals. Both

the nature and time course of such reactive processes are

largely unknown. Consequently, all that can presently be
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stated with certainty is that although the 5,7-DHT-provoked

serotonin depletion initiates the process, the serotonergic

depletion per se is not sufficient to significantly impair the

habituation of exploratory behaviour.

Our demonstration that habituation of exploration is

impaired 2 weeks after administration of 5,7-DHT agrees

with the results of Williams et al. (1990), who found a

reduced habituation of exploration 16–20 days postopera-

tively. On the other hand, Pranzatelli and Snodgrass (1986b)

and Gately et al. (1986) found impaired habituation of

locomotion only within the first week after administration

of 5,7-DHT. In the study by Gately et al. (1986), 5,7-DHT-

treated animals were even found to overhabituate on the

11th postoperative day. On the basis of the results obtained

by Pranzatelli and Snodgrass (1986b) and Gately et al.

(1986), it would appear that the loss of serotonergic axon

terminals may rather directly cause an overhabituation,

whereas subsequent reactive processes are able to either

eliminate (Pranzatelli and Snodgrass, 1986b) or reverse

(Gately et al., 1986) such symptoms. On the other hand,

the results of Williams et al. (1990) as well as the data from

the present study indicate that the impaired habituation of

exploration after administration of 5,7-DHT is the combined

result of the neurotoxic elimination of serotonergic axon

terminals and subsequent reactive neural processes. These

discrepancies may be the result of methodological differ-

ences between studies.

On the first postoperative place recall session the task

performance of the 5,7-DHT-treated rats was clearly

impaired (Fig. 4). This serotonin-depletion-associated

impairment of place recall did, however, disappear within

a few sessions (Fig. 4). Because lesions of the central

serotonergic system are able to impair the performance of

an already acquired place learning task significantly, it has

to be concluded that in the normal brain serotonergic

mechanisms contribute significantly to the mediation of

place learning and place recall. This conclusion is in

apparent contrast to the results of Nilsson et al. (1988)

and Riekkinen et al. (1990a), who found normal place

learning in animals that had suffered serotonin depletion

prior to task acquisition. As discussed in the Introduction,

normal place learning in serotonin-depleted rats may indic-

ate that either place learning is normally mediated without

significant contribution from the serotonergic system or the

rat brain in the absence of normal serotonergic activities can

compensate for the lack of serotonergic mechanisms to such

a degree that, behaviourally, a normal level of place learning

is observed. Based on the present results the latter situation

seems to be the scenario that most adequately can account

for previous (Nilsson et al., 1988; Riekkinen et al., 1990a)

and present data.

Future studies will be needed to identify the nature of the

compensatory processes that are able to allow normal pro-

ficiency of place learning and place recall in serotonin-

depleted rats (even in the present study normal place recall

was accomplished after a number of postoperative sessions).
The importance of functional interactions between the sero-

tonergic and cholinergic systems of the brain has previously

been emphasized in the context of the mediation of place

learning (e.g., Nilsson et al., 1988; Riekkinen et al., 1990a).

The results obtained during the pharmacological challenges

of the present study stress the degree to which the perform-

ance of a place recall task is vulnerable to simultaneous

destruction or disturbance of the cholinergic and serotonergic

systems. When on the second postoperative session the

muscarinergic acetylcholine antagonist scopolamine (0.5

mg/kg) was administered to all animals, the performance of

the normal control group suffered only marginally, whereas

the 5,7-DHT-treated animals were severely impaired (Figs. 5

and 6). The subsequent administration of a similar dosage of

scopolamine on the ninth postoperative session impaired the

task performance of both experimental groups signific-

antly—still, however, with a more pronounced impairment

seen in the serotonin-depleted group (Figs. 5 and 6). The

performance of both groups was challenged by hyperactiva-

tion of the catecholaminergic systems by administration of

the indirect catecholaminergic agonist d-amphetamine (3.0

mg/kg) on the 3rd and 12th postoperative place recall

sessions. The first of these d-amphetamine challenges failed

to influence the performance of any group significantly.

When, on the 12th postoperative place recall session, the

fully recovered place recall of the 5,7-DHT-injected animals

was challenged by d-amphetamine, a significant impairment

was seen while the performance of normal animals was

unaffected (Figs. 5 and 6). The impairment provoked by d-

amphetamine in 5,7-DHT-treated animals was less pro-

nounced than the corresponding impairment provoked by

scopolamine. The performance of normal animals was never

significantly affected by catecholaminergic hyperactivation.

It might be argued that the outcome of our pharmacological

challenges mainly demonstrates that the task performance of

5,7-DHT-injected rats is hypervulnerable to any pharmaco-

logical disturbance. Only future studies in which pharmaco-

logical challenges include the use of multiple dosages of

scopolamine and d-amphetamine, as well as additional drugs,

can clarify this point. At our present level of knowledge it is,

however, tempting to speculate that the compensational

neural processes, which mediate the functional recovery of

place recall after lesions of the serotonergic system, receive

significant contributions from the cholinergic system as well

as the dopaminergic and/or noradrenergic systems of the

brain. The relevance of functional interactions between the

cholinergic and serotonergic systems have been emphasized

by, amongst others, Nilsson et al. (1988), Riekkinen et al.

(1990a), and the present study. The importance of functional

interactions between the cholinergic and noradrenergic sys-

tems has been demonstrated by Decker et al. (1990) and

Riekkinen et al. (1990b). In several variants of place learning

tasks we have found indications of functional interactions

between the cholinergic system and the catecholaminergic

systems (e.g., Mogensen et al., 1995b, 2002; Wörtwein et al.,

1995).
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Although conclusions regarding the importance of chol-

inergic/serotonergic and cholinergic/noradrenergic interac-

tions (as well as potential serotonergic/catecholaminergic

interactions) in the mediation of ‘‘cognitive’’ tasks have to

be considered preliminary at present, it is interesting to notice

that the neurochemical changes seen in the brains of patients

suffering Alzheimer’s dementia not only include the often

emphasized drastic reductions within the cholinergic system

(e.g., Bowen et al., 1983; Collerton, 1986; Francis et al.,

1985; Iversen et al., 1983; Perry et al., 1985), but also

significant reductions of markers for the serotonergic and

noradrenergic systems (e.g., Arai et al., 1984; Bondareff et

al., 1982; Bowen et al., 1983; Francis et al., 1985; Gottfries et

al., 1983; Iversen et al., 1983; Mann and Yates, 1983, 1986;

Rasool et al., 1986; Yamamoto and Hirano, 1985). It could

be imagined that the devastating cognitive impairments seen

in patients suffering dementia of the Alzheimer type are

not—as frequently believed—exclusively associated with

disturbances within the cholinergic systems. Rather, such

symptoms might be the consequences of a drastic choliner-

gic reduction parallelled by losses within the serotonergic

and/or noradrenergic systems. While symptoms caused by a

purely cholinergic degeneration might eventually be reduced

or eliminated by compensatory processes, the concurrent

reductions within multiple neurotransmitter defined systems

may eliminate the possibility of such a functional ‘‘recov-

ery’’ (Mogensen, 2003). The data obtained in the present

experiment additionally hint at the possibility of cognitive

reductions being associated with simultaneous disturbances

within the serotonergic and catecholaminergic systems. The

indirect cholinergic agonist tacrine (tetrahydroaminoacri-

dine) is one of the relatively few drugs that have been found

to somewhat improve the cognitive status of patients suffer-

ing Alzheimer’s dementia (e.g., Davis et al., 1992; Farlow et

al., 1992; Knapp et al., 1994; Maltby et al., 1994). In the

present context it may be noted that tacrine, in addition to its

indirect cholinergic agonism, seems to be able to strengthen

the monoaminergic systems of the brain (Drukarch et al.,

1988; Jossan et al., 1992; Robinson et al., 1989; Soininen et

al., 1990; see, however, Baldwin et al., 1991).
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