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Rats were tested on a hippocampus dependent win-shift working memory task in familiar or novel
environments after receiving bilateral ventral tegmental area infusions of baclofen. Baclofen infusion
disrupted working memory performance in both familiar and novel environments. In addition, baclofen
infusion selectively disrupted short-term working memory in the novel environment. This experiment
confirms selective ventral tegmental area support of accurate performance during a context dependent

Published by Elsevier B.V.

Hippocampus (HPC) is necessary to perform a variety of spa-
tial memory tasks. Intrahippocampal infusions of dopamine (DA)
agonists improve performance on spatial tasks [27], while 6-OHDA
lesions of HPC impair performance on spatial tasks [10]. D1 recep-
tor knock-out mice show spatial learning impairments [2] and D2
antagonism in ventral HPC disrupts spatial working memory per-
formance [34]. Thus, DA appears necessary to perform spatial tasks
efficiently. The mechanisms by which DA regulates spatial perfor-
mance are likely related to plasticity dependent processes that are
facilitated by DA. For example, DA enhances long-term potentia-
tion (LTP) in the CA1 region of hippocampus [20]. D1/D5 receptor
agonists also enhance the stability of place fields in HPC [17].

HPC also plays a role in novelty detection [22] and context dis-
crimination [25]. Similarly, DA is known for its association with
novelty detection. Novelty facilitates DA release [14,23] and expo-
sure to novel environments facilitates LTP in HPC via D1 receptor
activation [20]. Furthermore, D1 antagonism influences HPC place
fields in a context dependent way by causing them to become less
reliable and specific and to reorganize to a greater extent during
changes in spatial context [12]. Therefore, DA neuronal activity
(from ventral tegmental area (VTA) and substantia nigra pars com-
pacta (SNc)) may provide HPC with signals that stabilize responses
after exposure to novel situations [33] or changes in context. It is
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proposed that HPC and VTA form a functional loop whereby novelty
signals from HPC are relayed to VTA to influence novelty responses
of DA neurons. Indeed, HPC stimulation by NMDA receptor ago-
nists increases the number of active DA neurons in VTA [5]. The
novelty signal may be conveyed back to HPC from VTA to facilitate
LTP and learning [21]. Overall, DA may enhance performance on
HPC dependent tasks by providing an attention or teaching signal
that facilitates changes in cellular processes and behavior that are
necessary for new learning.

Much of the evidence that supports this theory of interactions
between the VTA and HPC comes from studies that pharmaco-
logically manipulate the HPC DA system. The present study tests
whether HPC DA alterations within the physiological range result
in impaired context dependent spatial learning. Specifically, we
hypothesize that VTA inactivation will impair performance on a
spatial working memory task. Given the greater effect of D1 antag-
onism after context manipulations on place field stability [12], we
also hypothesize that the impairment in performance will be exac-
erbated following changes in context.

Long-Evans rats (n =18) were housed according to University of
Washington’s Institutional Animal Care and Use guidelines. Rats
were first habituated to the testing environment and on the eight
arm radial maze (for detailed methods see ref. [12]). Following
habituation, rats were trained on a non-delayed win-shift task that
consisted of two phases per trial, a study phase and a test phase
(Fig. 1A). Unlike a continuous foraging task, the study phase consists
of forced arm entries; this makes the test phase of each trial more
cognitively demanding than the study phase. Each testing session
consisted of ten consecutive trials separated by a 1.5 min inter-trial
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Fig. 1. (A) Schematic of one trial of the win-shift spatial working memory task.
During each trial of the study phase four randomly chosen arms are presented indi-
vidually to the rat. After the fourth arm is visited, eight arms are presented and
the rat forages for the remaining chocolate milk reward. (B) Experimental timeline.
Before surgery, each group of rats is trained to asymptotic performance. After habit-
uating to the infusion procedure, rats are re-trained to asymptotic levels. Testing
takes place over four days; rats receive either baclofen or saline infusions into VTA
prior to testing in a novel environment, or baclofen infusions prior to testing in a
familiar environment.

interval. Re-entries to previously visited arms were classified as one
of the two types of working memory errors. Across-phase errors
(APE) were defined as re-entries to arms that were visited in the
study phase. Within-phase errors (WPE) were defined as re-entries
to arms that were visited in the test phase. APE and WPE were

SAL/NEW

BAC/NEW

used to distinguish between short- and long-term working memory
errors. Less time passes between arm entries when WPE are made,
hence we consider these to reflect short-term working memory
errors. In contrast, APE reflect errors regarding choices made ear-
lier in the trial. Latencies to complete the trials were recorded with
a stopwatch.

Rats were trained to asymptotic performance of less than one
error per trial across 10 trials regardless of type of error (Fig. 1B).
Then, rats were implanted bilaterally with 25 GA guide cannula
targeting VTA (AP —5.3 mm and ML £.08 mm from Bregma, and
6.5 mm dorsal to the brain surface). Rats were allowed to recover
for seven days before being habituated to the infusion procedure.
During this habituation rats received infusions of .5 .l of saline over
the course of 1 min through a 33 GA infusion cannula that extended
1 mm beyond the guide cannula tip prior to being tested for ten
consecutive trials in the familiar testing environment. After reach-
ing post-surgical asymptotic performance, rats were trained in one
of the three different conditions. The first group (n=5) received
daily infusions of baclofen (a GABAg agonist) and was tested for
four consecutive days for ten trials per day in the same environ-
ment that they were trained in (BAC/FAM). The second and third
groups received daily saline (n=7) or baclofen (n=6) infusions and
were tested in a different maze room with new extra-maze cues
for four consecutive days (SAL/NEW and BAC/NEW, respectively).
The last day of performance during the infusion habituation pro-
cedure served as the SAL/FAM group. Experimenters were blind to
the experimental condition for rats being tested in the novel envi-
ronment. After the fourth day of testing all rats were transcardially
perfused with 9% saline followed by a 10% formalin/saline solution.
Brains were sliced at 50 um on a cryostat and stained with cresyl
violet to verify cannula placement (Fig. 2).

Repeated measures analysis of variance (ANOVA) was used to
identify significant differences in the average number of errors
made per trial across testing sessions as well as between groups.
Greenhouse-Geisser corrections were used if sphericity assump-
tions were violated. Three separate repeated measures ANOVAs
were used to determine whether there were significant differences
in the average number of errors made per trial within each con-
dition across testing sessions. There was a significant effect of day
of testing in the BAC/NEW group (F(4,20)=2.51, p=.01), and the
BAC/FAM group (F(4,16), p<.01). For the SAL/NEW group, the effect

BAC/FAM

Fig. 2. Locations of infusion cannula tips [28].
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Fig. 3. Working memory performance from the last day of infusion habituation (session 0, or SAL/FAM) through the last day of testing (session 4). (A) Average errors—BAC/NEW
rats made more errors than SAL/NEW rats. All rats receiving baclofen infusions made significantly more errors on the first day of testing. (B) WPE—BAC/NEW rats made more
WPEs than BAC/FAM and SAL/NEW rats. This effect was significant on the second day of testing. (C) APE—BAC/NEW rats made fewer APEs than BAC/FAM and SAL/NEW rats.
This effect was significant on the second day of testing. (D) Movement—There were no significant differences between groups.

of testing day was not significant (F(4,24)=2.88, p=.12). Post hoc
planned pairwise comparisons between test day 1 and the last day
of infusion habituation (SAL-FAM control condition), and test day
1 and the last day of testing, showed that BAC/FAM rats made sig-
nificantly more errors on test day 1 than SAL/FAM and the last
day of testing. BAC/NEW rats also made more errors on test day
1 than SAL/FAM and the last day of testing. These results sug-
gest VTA inactivation impaired working memory performance in
either familiar or new environments. An overall repeated mea-
sures ANOVA revealed a significant effect of condition (Fig. 3;
F(2,15)=4.37,p=.03) and day of testing (F(4,60) = 13.27,p <.01). Col-
lapsing across days, BAC/NEW rats (1.08 +11) made significantly
more errors than SAL/NEW rats (.66 & 10), suggesting that VTA inac-
tivation impaired new learning. However, there were no significant
differences between groups across individual days of testing. Over-
all, VTA inactivation caused rats to make significantly more errors
on the first testing day regardless of whether rats experienced a
change in context. Performance was not affected by a change in
context alone.

Although the number of errors was similar between BAC/NEW
and BAC/FAM groups, it is possible that differences existed in the
type of errors committed. Therefore, repeated measures ANOVA
were conducted to compare between groups the types of errors
made across days of testing. There was a significant effect of test-
ing session, F(4,60), p=.01, and condition, F(2,15), p<.01, in terms
of the proportion of errors that were WPE in nature (Fig. 2). Bon-
ferroni corrected pairwise comparisons revealed that regardless of
condition rats made more WPE on the first day of testing (.21 £.04)
than the last day of testing (.07 £-.03), indicating that the short-
term memory component of the working memory task was most
affected initially, and that the number of WPE declined after addi-

tional test days. Collapsing across days, the BAC/NEW group in
particular (.19 4.02) made significantly more WPE than both the
BAC/FAM (.08 +.02) and SAL/NEW (.06 &.02) groups, suggesting
that VTA inactivation paired with a change in context had a greater
effect on short-term working memory. Bonferroni corrected post
hoc analysis indicated that the BAC/NEW group continued to make
significantly more WPE than the SAL/NEW group and the BAC/FAM
group on the second day of testing (F(2,15), p=.01), suggesting that
the change in context paired with VTA inactivation induced a pro-
longed short-term working memory deficit.

There was no significant effect of testing session per se (F(4,60),
p=.25) on the proportion of errors that were APE in nature, and
yet there was a significant effect of condition (F(2,15), p<.01). Col-
lapsing across days, Bonferroni corrected pairwise comparisons
revealed that rats in the BAC/NEW group (.75 +.04) made fewer
APE than both the BAC/FAM (.92 £.04) and SAL/NEW (.94 +.03)
groups. The BAC/NEW group made significantly fewer APE than
the SAL/NEW group and the BAC/FAM group on the second day of
testing (F(2,15), p=.01). In summary, rats in the BAC/NEW group
made more WPE (and fewer APE) than rats in either the BAC/FAM or
SAL/NEW conditions. Conversely, rats in the BAC/FAM or SAL/NEW
conditions made more APE than WPE compared to the BAC/NEW
group. The BAC/NEW animals were therefore making more short-
term working memory errors throughout the first two days of
testing.

Given the involvement of VTA in movement and motivation,
repeated measures ANOVA was conducted on the average time per
arm entry. There were no significant differences between groups
(F(2,15), p=.08) or across days of testing (F(4,60), p=.06).

The finding that inactivating VTA impairs performance on the
spatial win-shift working memory task is consistent with previous
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work showing that DA in HPC is involved in spatial learning and
working memory functions. The overall performance deficit was
gone by the second day of testing and may be explained by compen-
satory mechanisms. SNc provides an alternative source of DA [11]
and it is possible for this structure to compensate for the loss of VTA
activity by providing sufficient DA to support HPC dependent spatial
working memory performance. Moreover, VTA inactivation, when
combined with a change in the testing environment, selectively
disrupted short-term working memory performance. Although the
deficits were on the order of fractions of errors, rats performing this
task at asymptote in familiar environments rarely commit WPE and
even a small increase in this type of error is unusual (unpublished
observations). The impairment in performance was gone after the
second day of testing, suggesting that VTA may be more selective
for engaging processes that are necessary for accurate processing
of very recent information, the type that might be held in a short-
term working memory buffer. The involvement of VTA seems time
limited since after the second exposure to the novel environment
VTA inactivation no longer had an effect.

VTA inactivation resulted in an overall deficit in spatial working
memory performance on the first test day regardless of the context
conditions. Changes in VTA projections to regions other than HPC,
including prefrontal cortex (PFC) and nucleus accumbens (NAcc),
may account for this result. DA levels in PFC are critically involved
in working memory processes [30,31]. It has been shown that activ-
ity of single neurons in PFC is correlated with accurate performance
on working memory tasks [9,29] and this activity is modulated by
DA receptors [35]. In addition, DA input to PFC is necessary for
PFC-HPC LTP [13]. Furthermore, D; receptor mediated PFC-HPC
interactions are crucial for accurate performance on delayed spatial
working memory tasks [31]. However, since this circuit appears to
be selective to delayed spatial working memory tasks, it is unlikely
that VTA inactivation in this paradigm disrupted working memory
performance via direct effects on PFC.

It is well known that VTA also sends many direct projections
to NAcc which is involved in both delayed and non-delayed spatial
working memory tasks [32]. Lesions to NAcc impair performance
on spatial tasks and place cells have been recorded in NAcc [19],
suggesting a role for this structure in spatial processing. DA antag-
onists infused into NAcc also disrupt spatial working memory [7].
However, DA agonists and antagonists infused into NAcc have also
been found to have no effect on spatial working memory [18]. At any
rate, the deficits seen in response to VTA inactivation in a familiar
environment may not be due to direct effects on NAcc function per
se. A more likely explanation could be that compromised function
of the HPC and NAcc due to loss of VTA activity led to the behavioral
impairments observed. Indeed HPC and NAcc interactions modulate
performance on non-delayed spatial working memory tasks [6] and
DA modulates HPC induced spiking activity in NAcc [3] but more
direct future experiments are necessary to test the involvement
of DA modulation of HPC and NAcc interactions during spatially
guided behaviors.

Our data support the hypothesis that VTA plays an important
role in context dependent spatial learning. They also show that
physiologically relevant alterations of VTA (presumably DA) input
to HPC is sufficient to impair HPC dependent function. An issue to be
resolved in the future is how DA comes to play a selective role in pro-
cessing learning related information after a context change. It has
been hypothesized that HPC determines the extent and/or nature of
a context shift [25]. Such an output should be crucial for determin-
ing future behavioral choices. There are several HPC efferent routes
that may be involved, an important one of which is likely the output
to NAcc [21]. Contralateral disconnections of HPC and NAcc disrupt
context conditioning in a spatial task [15]. Contextual information
from HPC is transmitted via NAcc to the ventral pallidum (VP) [21],
which has direct connections with VTA and the pedunculopontine

tegmental area (PPTg). Both VP and PPTg have been shown to regu-
late DA neuron burst firing in VTA [8,24,26]. Lesions of PPTg and VP
also impair performance on spatial working memory tasks [4,16].
HPC dependent excitation of VTA is also blocked by application of
glutamate receptor antagonists in NAcc but not by TTX application
into PFC [5]. However, PFC has been shown to regulate HPC acti-
vation of NAcc neurons [1]. Furthermore, PFC neurons have been
shown to respond to changes in context while rats are performing
a spatial working memory task [29]. It is unknown, then, whether
the context dependent impairment in performance revealed in this
experiment is due to communication deficits from HPC to PFC, HPC
to NAcc or both, and if DA modulates this impairment. Furthermore,
more studies are needed to determine the possible roles for VP
and PPTg in spatial context processing. Nevertheless, this experi-
ment supports the hypothesis that, VTA activity is important for
accurate performance on a win-shift spatial working memory task.
VTA support of accurate performance during a goal directed spatial
navigation task appears stronger and more selective for short-term
components of working memory, a process that is especially impor-
tant when there is a change in context.
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