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Abstract

Direct site infusion of drugs into the brain is a powerful tool for examining the function of specific brain regions. While comparing

the effects of various drugs injected into distinct regions of the basal forebrain on cognitive and motor endpoints, we observed that the

ventral pallidum (VP) appeared to be sensitive to vehicle control infusions when cognitive indices were measured. To characterize this

initial observation, the present study examined the effects of vehicle infusions into the VP on performance of a delayed-non-match-to-

sample (DNMTS) radial arm maze (RAM) task. A within-subjects design was used. Male Sprague–Dawley rats were trained to perform

this task with a 1-h delay imposed between the fourth and fifth arm selection. Following acquisition, animals were implanted with

bilateral, indwelling cannulae positioned over the VP. Following surgery, maze performance was reestablished and rats were given one

of five intra-VP treatments (two sham and three vehicle infusions) in counterbalanced order. Each rat received one treatment a week, on

the third day of five consecutive testing days each week. Vehicle, but not sham, treatments produced deficits on the day of treatment

and on two subsequent testing days. These findings demonstrate a persistent sensitivity of the VP to fluid perturbation and, when

contrasted with the literature for other basal forebrain regions, it appears that this effect is unique. D 2002 Elsevier Science Inc. All

rights reserved.
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1. Introduction

The ventral pallidum (VP) contains cholinergic and

GABAergic corticopetal neurons that are likely to play a

crucial role in modulating cortical physiology (Zaborsky,

1992; Gritti et al., 1993). Thus, this projection can pre-

sumably influence a broad range of cognitive phenomenon

including sensory processing, attention, and memory

(Saper, 1987). Several strategies have been employed to

examine the role of this ascending projection in cognition

including neurotoxic lesions and electrical stimulation

(Robbins et al., 1989; Kilgard and Merzenich, 1998).

Local site infusion of drugs has also been used to examine

the role of this system in cognitive function (Nagel and

Huston, 1988; Holley et al., 1995). When combined with a

chronic indwelling cannulae, this method allows for the

application of different treatments, over repeated sessions,

within a single subject.

Several studies have successfully utilized acute, local

site infusions to assess the role of the medial septal

nucleus in cognition (Bostock et al., 1988; Chrobak and

Napier, 1992; Givens and Olton, 1990). Like the VP, the

medial septum also contains cortically directed cholinergic

and GABAergic neurons (Amaral and Kurz, 1985; Freund

and Antal, 1988), but this projection selectively innervates

the hippocampus. In attempting to complement behavioral

studies of the medial septum with those of the VP, we

observed that the VP was particularly sensitive to fluid

perturbations following local site infusion of physiological

saline. Following on this initial observation, we presently

report that fluid perturbation alone produces deficits in the

performance of a delayed-non-match-to-sample (DNMTS)

radial arm maze (RAM) task that persist for several days

following treatment.
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2. Materials and methods

Male Sprague–Dawley rats (N = 22; Charles Rivers

Breeders, Wilmington, DE; 250–300 g), individually

housed and maintained in a colony room with a 12-h

light–dark cycle, were used. Beginning 5 days prior to

behavioral training, daily food rations were limited in order

to reduce the animals to 85% of their free-feeding weight.

During preoperative training, rats were allowed to gain 5 g

of body weight per week.

Rats were trained to perform a standard RAM task as

previously described (Chrobak and Napier, 1992). Briefly,

rats were allowed access to eight arms of a radial maze.

Each arm was baited with a single 45-mg Noye’s pellet.

Rats were given a single daily trial in which they were

allowed to collect all eight pellets and were removed from

the maze if: (1) they collected all eight pellets; (2) they made

a maximum of 20 errors defined as a reentry into an arm

already entered previously during that day’s trial, or (3)

5 min elapsed. Following acquisition (20 standard trials),

the rats were trained to perform a DNMTS-RAM with a 1-h

delay imposed between the fourth and fifth arm choices.

During the predelay session, rats were placed on the maze

and allowed to visit four predetermined arms (e.g., Bostock

et al., 1988; Chrobak and Napier, 1992; Chrobak et al.,

1989). The set of arms chosen for each daily session was

randomly selected and baited with a single 45-mg Noye’s

pellet. Access to the alternate arms was prevented by a clear

Plexiglas barrier placed at the entrance of four chosen arms.

Following the delay, the rats were returned to the maze and

allowed to choose among all eight arms. Only arms not

visited during the predelay session contained food pellets.

Thus, the rat was rewarded for nonmatching to the predelay

sample set. Rats were allowed to choose until the four re-

maining baited arms were visited or until a total of 12

postdelay choices were made. The number of correct choi-

ces in the first four postdelay choices, the total number of

postdelay errors, and the latency per arm choice served as

dependent measures. Latency per arm choice was defined by

the total time to complete the task divided by the total

number of arm entries.

Following acquisition, rats were anesthetized with

sodium pentobarbitol (50 mg/kg) and implanted with bilat-

eral cannulae (26 gauge) aimed at the VP (AP 0.5 mm; ML

+ 2.5 mm; DV 7.0 mm; toothbar was set at � 0.3 mm).

Cannulae were anchored to the skull using four stainless-

steel screws embedded within the skull and secured with

cranioplastic cement. Obturators (33 gauge), 1.0 mm shorter

than the cannulae, were inserted into the guide cannulae

during surgery to maintain patency during the course of

behavioral testing.

Following recovery from surgery (1 week), a within-

subjects design was used to examine the effects of sham and

vehicle treatments DNMTS-RAM task performance. Behav-

ioral assessments were made daily Monday to Friday, and

all treatments were administered each Wednesday, with the

treatment order randomized. The treatments included: (1) a

sham treatment that involved light restraint and the insertion

of an injector cannula into the guide cannula but not into

tissue; (2) an injector treatment that included the insertion of

the injector into the VP, but without fluid infusion; (3)

infusion of 0.5 ml of sterile physiological saline (pH = 7.4);

(4) infusion of 0.25 ml of sterile physiological saline; and (5)

infusion of 0.25 ml of an artificial cerebrospinal fluid

solution (CSF in mM: NaCl 150, KCl 2.9, MgCl2 7.8,

HCO3 35.9, and dextrose 2.2). Intracerebral infusions were

administered bilaterally at the rate of 0.1 ml/min and the

injectors were left in the cannulae for an additional minute

after completing the infusion. All infusion and sham treat-

ments, counterbalanced among animals, occurred immedi-

ately (within 5 min) after the completion of the predelay

session. Following the infusion, rats were returned to their

home cages and tested approximately 50–55 min later. At

the end of the behavioral testing, rats were killed and

injection locations were visually verified from 50-mm-thick

brain sections stained with Cresyl violet. Injector tip place-

ments indicated sites within the VP and the rostral aspect of

the sublenticular substantia innominata for 18 rats [0.4–0.3

mm from the bregma and 2.5 ± 0.3 mm from the midline].

Four animals were excluded from the data analysis due to

misplacement of the cannulae or significant tissue damage

surrounding the cannulae location.

The data were analyzed for the remaining 18 rats using a

repeated-measures analysis of variance (RMANOVA). A

priori planned Dunnett’s paired t tests were used to compare

from vehicle infusions to injector only, and post hoc Tukey’s

HSD were used to compare responses across days. Data are

presented as mean ± S.E.M.

3. Results

Performance measures for the entire group (N = 18)

during the Wednesday prior to treatments were 3.4 ± 0.3

Table 1

Effect of sham and vehicle treatments into the VP on DNMTS-RAM performance (1 h delay)

Sham Injector only Saline (0.5 ml) Saline (0.25 ml) ACSF (0.25 ml)

Correct choices 3.3 ± 0.2 3.4 ± 0.2 2.8 ± 0.3 ** 2.9 ± 0.3 ** 2.9 ± 0.4 **

Postdelay errors 0.7 ± 0.4 0.8 ± 0.3 1.5 ± 0.4 ** 1.7 ± 0.5 ** 1.6 ± 0.4 **

Latency/choice (s) 7.0 ± 1.0 7.5 ± 1.1 7.1 ± 1.3 7.8 ± 1.0 7.2 ± 1.4

* P< .05 vs. injector-only treatment (Dunnett’s t tests).

** P< .025 vs. injector-only treatment (Dunnett’s t tests).
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correct choices, 0.8 ± 0.4 postdelay errors, and 8.4 ± 1.8

s/choice. This performance is comparable to performance

for the days prior to cannulae implantation. Performance

measures for the sham treatment versus injector-only treat-

ment were not different, thus, for all subsequent statistical

analyses, the injector-only condition served as the control.

An overall RMANOVA for performance indices on the day

of treatment indicated a significant treatment effect on the

number of correct choices and number of postdelay errors

[F’s(3, 51) > 3.3, P’s < .025]. Moreover, performance defi-

cits occurred for both the number of correct choices [Dun-

nett’s t(17) = 3.19, P < .01] and postdelay errors [Dunnett’s

t(17) = 4.02, P < .01] for all vehicle treatments on the day of

treatment (Table 1). No change in the latency per choices

was observed.

Performance indices for the 2 days following vehicle

infusions were also impaired. RMANOVA of performance

indices for each day of the week for trials during the week of

the 0.25-ml infusion indicated a significant day effect on

both correct choices and postdelay errors [F(3,51) > 3.1,

P’s < .05]. The number of correct choices decreased and

the number of postdelay errors increased for all vehicle

treatments [Dunnett’s t(17) > 2.9, P’s < .05]. Table 2 presents

the number of correct choices for the injector-only and the

low-volume saline (0.25 ml) condition. To assess for any

chronic decrement in performance, we performed an RMA-

NOVA for the number of correct choices and postdelay

errors for each rat’s performance on the day prior to

treatment, independent of treatment order (for each consec-

utive Tuesday for 5 weeks; Table 3). No significant decre-

ment in performance across weeks was observed [F(3,51)

< 2.21, P > .05], although the daily performance of some

individual rats appeared to be declining (data not shown).

Eleven of the 18 rats were tested for three more weeks in

order to examine the effects of additional vehicle infusions

on task performance. An analysis of group performance on

the Tuesday prior to treatment indicated that chronic per-

formance decrements did develop on both the number of

correct choices and postdelay errors [F’s(2,30)>4.89,

P’s < .025].

4. Discussion

These data demonstrate that vehicle infusions into the VP

produced a consistent impairment in the performance of the

DNMTS-RAM task. This deficit appears to be related to the

fluid infusion for it was not observed following either sham

procedure performed, i.e., if no fluid was infused, there was

no response difference between when injectors remained

within the cannulae or extended beyond the cannulae tips

and penetrated the VP. The vehicle-induced deficit lasted for

a substantial time (the impairment persisted for at least

2 days), but was not permanent (animals recovered by

5 days).

These deficits contrast with the absence of a vehicle-

induced deficit in rats performing a standard 8- or 12-arm

radial maze paradigm without any delay inserted between

choices (Robinson et al., 1988; Napier and Chrobak,

1992). A few studies have illustrated the sensitivity of

basal forebrain regions to vehicle infusion in passive

avoidance responding (Nagel and Huston, 1988) and have

demonstrated a relationship of performance deficits to task

difficulty (Elrod and Buccafusco, 1988). Research

emphasis has been placed upon the forebrain cholinergic

corticopetal system and its role in cognitive dysfunction

(see Sarter and Bruno, 1997, for extensive review). The

rostral extreme of the forebrain cholinerigc column

includes neurons within the medial septal nucleus. We

have used the present experimental protocol to assess

performance following infusions into this nucleus without

any deleterious effect (Chrobak and Napier, 1992; Chrobak

et al., 1989). Moreover, such treatments within the VP do

not alter motoric performance (Napier and Chrobak, 1992;

and the present study). The convergence of these evidences

allows for the speculations that (1) motor and cognitive

tasks engage subsets of VP neurons, and (2) the choliner-

gic subset within the VP, which is engaged by more

challenging mnemonic tasks, may be particularly sensitive

to fluid perturbation. While further experimentation is

needed to validate these possibilities, the present study

clearly highlights the critical importance of sham and

vehicle control groups in protocols that involve manipu-

lations (especially those involving drug infusions) of the

Table 2

Number of correct choices for each day during the week when either injector-only or saline treatment was administered into the VP

Monday Tuesday Wednesday Thursday Friday

Injector only 3.5 ± 0.2 3.3 ± 0.1 3.4 ± 0.2 3.3 ± 0.2 3.4 ± 0.2

Saline (0.25 ml) 3.4 ± 0.2 3.3 ± 0.2 2.9 ± 0.3 ** 2.8 ± 0.4 ** 3.0 ± 0.4 *

Treatments administered only on Wednesdays, with order of treatments counterbalanced across animals.

* P < .05 vs. Tuesday performance (Tukey’s HSD).

** P < .25 vs. Tuesday performance (Tukey’s HSD).

Table 3

Performance measures for all subjects each Tuesday (prior to any weekly

treatment) independent of treatment order

Week 1 Week 2 Week 3 Week 4 Week 5

Correct choices 3.3 ± 0.2 3.5 ± 0.2 3.3 ± 0.2 3.2 ± 0.4 3.1 ± 0.4

Postdelay errors 0.8 ± 0.3 0.7 ± 0.4 0.9 ± 0.4 0.9 ± 0.4 1.0 ± 0.5
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basal forebrain. On this note, De Souza Silva et al. (2000)

have demonstrated that both vehicle infusion or needle

insertion alone is sufficient to induce alterations in cortical

cholinergic parameters in both anesthetized and freely

moving rats.
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