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bird was rechecking an already visited feeder or merely perching at
the feeder. If a bird visited the baited feeder before any other
feeders on the first entry, then the trial was discarded, since it is
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FIGURE 3. Distribution of*juorescein-labeled dextran infusions
for one subject. Fluorescence appears in the right hippocampal for-
mation (HF) and lateral to the HF in left hemisphere. With a few
exceptions, ‘uorescence from the labeled dextran amines was con-
ned to the hippocampal formation (which consists of the hippocam-
pus proper and the area parahippocampalus). ApH, area parahip-
pocampus; Hp, hippocampus; S, septum. Scale bar = 1 mm.

location and spread of fluids from the cannula infusions. Alternate
sections were stained with cresyl violet and were coverslipped and
examined with a light microscope.

Statistics

To compare a subject’s performance for different test series
within a treatment condition as well as across treatment condi-
tions, we used a repeated-measures general linear model analysis of
variance (ANOVA) and paired ztests. The dependent variable for
all experiments was the number of feeders the bird visited. When
examining performance on the spatial and visual task, the fixed
factors in the GLM equation were entries (1-5) and Drug (lido-
caine or saline). When examining the retrieval of spatial memory,
paired t-tests were performed for the different delay conditions
comparing performance on the probe after lidocaine or saline in-
fusions.

RESULTS

Histology

Fluorescence from the labeled dextran amines could be detected
within the HF in every animal (Fig. 3). The positions of cannulae
were identified in cresyl violet-stained sections; they revealed small
amounts of tissue damage (Fig. 4). In two birds, fluorescence and
corresponding cannulae positions were found lateral to the left HF.

Effects of Hippocampal Inactivation on Short-
term Spatial and Visual Memory

A total of five birds were tested in the spatial task. In this task,
feeders were the same color such that birds had to rely on spatial
cues to remember the location of the baited feeder. There was an
overall tendency for birds to improve their performance across

entries (F, 16 8.74; P 0.001), however no main effect of drug
(FLs 221, P 0.21). There was a significant entry  drug
interaction (F, .4  9.56; 2 0.001) (Fig. 5A), indicating that
improvement on the spatial task occurred after saline infusions, but
not after lidocaine infusions.

Five birds were tested in the visual-spatial task, in which each
feeder was painted a unique pattern of colors. For birds in the
visual-spatial task, there was an overall tendency to improve per-
formance (F,,¢ 11.46, 7 0.001), but no main effect of drug
was found (F;, 0.83, 7 0.41). Unlike the spatial task, there
wasnoentry druginteraction (F,, 2.54,P 0.08).(Fig.5B)
Thus inactivation of the HF in food-storing birds did not impair
the acquisition of a task that can be solved with visual patterns as
well as spatial memory.

Effects of Hippocampal Inactivation During the
Retrieval Process

Five birds received a single spatial test series of five consecutive
entries, followed by a delay of either 15 min or 3 h. For subjects in
both the 15-min delay condition and the 3-h delay condition,
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FIGURE 4. Position of cannulae. Black circles represent position
of cannulae tips for different subjects. The position of cannulae was
mainly con ned to the hippocampal formation, which consists of the
area parahippocampus (ApH) and hippocampus proper (Hp). Ha,
hyperstriatum accessorium; N, neostriatum; NC, neostriatum cau-
dale; S, septum. Sections correspond roughly with Karten and Hodos.
1967. templates A6.75, A5.75, and A4.00, rostral to caudal.



performance improved across the five initial entries preceding the
drug infusion (15-min delay: F,,s 8.88; 2  0.001; 3-h delay:
F4,16 8.44, P



birds is not caused by any disruptive effects of the infusion proce-
dure itself, but by the pharmacological action of the lidocaine.
Lidocaine uniformly blocks Na channels; therefore, both local
circuit-based and fibers of passage through the HF might also be
disrupted with our treatment. We therefore cannot distinguish our
results between the effects of lidocaine on altered synaptic integra-
tion within the HF and altered communication with other brain
regions. Drugs targeting synaptic transmission may provide a more
precise means of assessing HF function.

We have shown that inactivation of the HF immediately before
memory retrieval impairs retrieval of short-term (15-min) memo-
ries. However, HF inactivation does not impair the retrieval of
long-term (180-min) memories. These results suggest that short-
term retrieval of spatial memories is dependent on the HF and that
over a longer duration, they become independent of the HF. That
180 min is a sufficient period for memory consolidation is some-
what surprising, as longer delays are typically necessary for memory
consolidation to occur in mammals. The rapid consolidation of
memories may be a feature unique to birds. Alternatively, after 180
min memories may still reside in the avian HF but over time
become more robust and less susceptible to our technique of partial
inactivation of the HF. In either case, some sort of consolidation of
the memory trace occurs within the longer delay.

The spared performance of chickadees on the visual-spatial task
after HF inactivation eliminates a number of alternative explana-
tions for our results. Specifically, the observed deficit in the spatial
task is not due to a loss of response inhibition (Hazeltine et al.,
2000), which would be the case if birds could not inhibit the
behavior of pulling knots when presented with feeders. Further-
more, the lack of impairment in the visual-spatial memory test
argues against HF inactivation causing a generalized deficit in ac-
quiring memaory, or in motivation to perform accurately. The ad-
dition of visual cues prevented the lidocaine-induced memory im-
pairment observed in the spatial memory task, which suggests that
the observed deficit in learning is specific to spatial memory. How-
ever, since birds could still be using positional as well as visual
information to encode the location of the baited feeder during the
visual-spatial memory task, it is possible that the spared perfor-
mance during the visual-spatial memory task represents spared
spatial ability rather than the workings of a hippocampal-indepen-
dent visual memory system.

Another interpretation of our results is that the HF is involved in
processing information about the relationships between landmarks
to allow navigation, without involvement in the process of storing
or retrieving memories about these relationships (Bolhuis et al.,
1994). The memory acquisition task does not rule out a general
navigational deficit without a memory component, since the dif-
ferently colored feeders could act as beacons, making integration of
spatial landmarks unnecessary for this task. However, this concern
is addressed by our memory retrieval task. The lack of impairment
after 180 min rules out the idea that the HF is involved in a purely
navigational process.

Our results show that in the spatial task, lidocaine-infused birds



trained to revisit the same location. It is possible that the hoarding
situation, which resembles a working-memory paradigm, and the
task used here, which resembles a reference memory paradigm,
placed different demands on the hippocampus during memory
retrieval.

Our results suggest the HF in food-storing black-capped chick-



444 SHIFLE™ E™ AL.

Sherry DF, Vaccarino AL. 1989. Hippocampus and memory for food
caches in black-capped chickadees. Behav Neurosci 103:308-318.
Shettleworth SJ. 1995. Comparative studies of memory in food storing
birds: from the field to the Skinner box. In: Alleva E, Fasolo A, Lipp
H-P, Nadel L, Ricceri L, editors. Behavioural brain research in natu-
ralistic and semi-naturalistic settings. Dordrecht: Kluwer. p 159-192.

Shettleworth SJ, Krebs JR. 1982. How marsh tits find their hoards: the
roles of site preference and spatial memory. J Exp Psychol Anim Behav
Proc 8:354-375.

Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. 2001.
Neurogenesis in the adult is involved in the formation of trace mem-
ories. Nature 410:372-376.

Smulders TV, DeVoogd TJ. 2000. Expression of immediate early genesin
the hippocampal formation of the black-capped chickadee (Poecile
atricapillus) during a food-hoarding task. Behav Brain Res 114:39-49.

Smulders TV, Sasson AD, DeVoogd TJ. 1995. Seasonal variation in hip-
pocampal volume in a food-storing bird, the black-capped chickadee.
J Neurobiol 27:15-25.

Smulders TV, Shiflett MW, Sperling AJ, DeVoogd TJ. 2000. Seasonal
changes in neuron numbers in the hippocampal formation of a
food-hoarding bird: the black-capped chickadee. J Neurobiol 44:
414-422.

Squire L. 1992. Memory and the hippocampus: a synthesis from findings
with rats, monkeys, and humans. Psychol Rev 99:195-231.

Strasser R, Bingman VP. 1999. The effects of hippocampal lesions in
homing pigeons on a one-trial food association task. J Comp Physiol A
185:583-590.

Zola-Morgan S, Squire LR. 1990. The primate hippocampal formation:
evidence for a time-limited role in memory storage. Science 250:288 -
290.



