
Gamma-frequency (30-100 Hz) 
spike-field coherence averaged 
over 258 recording sites during 
the encoding of stimuli that were 
subsequently recognized well 
(red) and poorly (blue), as a 
function of time from stimulus 
onset. Red and blue shaded 
areas represent SEM. Gray 
shaded area represents 
significant differences between 
conditions (p<.01).

Figure 7: Average coherence effect.

Restricted lesions of the hippocampus produce significant recognition 
memory impairment in both monkeys and humans (Manns et al., 2003; 
Zola et al., 2000).  However, studies investigating the neural correlates 
of recognition memory in monkeys have reported only very low (≤ 3) 
percentages of hippocampal neurons showing memory-related 
modulations in firing rate (Riches et al., 1991; Rolls et al., 1993).  These 
studies used variants of the delayed matching or nonmatching to 
sample task. Hippocampal damage produces only mild to moderate 
deficits in performance of this task; therefore, the use of a different task 
that is more sensitive to hippocampal damage may be useful for 
detecting memory-related signals in the hippocampus.

The Visual Preferential Looking Task has been used extensively to test 
recognition memory in infant and adult monkeys and humans 
(Bachevalier et al., 2002). Performance on this task is dependent on the 
integrity of the MTL and is sensitive to even minimal damage to the 
hippocampus (Zola et al., 2000). 
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Recognition Memory Signals in the Macaque Hippocampus

Two rhesus macaque monkeys were tested on the Visual Preferential 
Looking Task (Figure 3). Spikes and local field potentials (LFPs) were 
simultaneously recorded from up to 4 independently moveable 
electrodes in the hippocampus (horizontal electrode separation, 190 µm).  
Eye-movements were monitored using a Primate Eye-Tracking system 
(ISCAN, Burlington, MA). 

The use of the VPLT provided a means to detect memory-related 
modulations in neuronal activity in the hippocampus, consistent with the 
idea that this region plays an important role in recognition memory. Two 
neural signals in the hippocampus correlated with behavior on a trial by 
trial basis: the magnitude of firing rate modulations, which related to 
stimulus repetition, and spike-field coherence during encoding, which 
predicted the degree of subsequent repetition.  Theta-frequency 
oscillations were observed in the hippocampus, and the phase of these 
oscillations were modulated by task and performance variables.
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Figure 1: The Visual Preferential Looking Task.

200 unique stimuli were presented in each test session and each stimulus 
was presented twice during the session, with up to 10 trials intervening 
between first (Encoding) and second (Recognition) presentations.

Spike-field coherence as a function of 
time (X-Axis) and frequency (Y-Axis) for 
an example neuron/LFP pair. This figure 
shows coherence during encoding for 
stimuli that were subsequently well-
recognized (“High Recognition”, top) 
and poorly recognized (“Low 
Recognition”, bottom). The bars to the 
right of each panel show the scale for 
amount of coherence.

Figure 6: Example spike-field coherence.

Figure 3:  Task-related modulation in firing rate

Figure 5: Firing rate modulation is positively correlated 
     with performance.

Results
Figure 2:  Behavioral performance.

Left: An example of a monkey’s scan path during the first (yellow) and second 
(red) presentation of a stimulus.  The monkey spent much less time viewing the 
stimulus in the second presentation, indicating that the monkey recognized the 
repeated stimulus.
Middle & Right: Combined behavioral data from 88 test sessions in two monkeys.
Left: There was a significant decrease in looking time for the repeated 
presentation (p<.001).  Error bars represent SEM.
Right: Distribution of the change in looking time as a percentage of the looking 
time for the first presentation (blue: Monkey A; red: Monkey B).

Figure 4:  Population effect: novel vs. repeated
Mean normalized firing rates 
for all differentially responsive 
excited (left) and inhibited 
(right) neurons. Gray shaded 
area: significant difference 
between conditions (p<0.05).

Figure 8: Gamma-band spike-field coherence is positively 
correlated with subsequent recognition.

Phase concentration in the hippocampal LFP aligned to stimulus and fixation onset. The 
Hilbert transform (top left panel) revealed a shift from a random distribution of oscillatory 
phase prior to stimulus onset to an organized state after stimulus onset. The Rayleigh 
statistic (bottom left panel) confirmed that there was a significant increase in phase 
reliability after stimulus onset. There was also evidence for a significant increase in phase 
reliability aligned to the time of fixation onset (right panels). This was true for all of the 
fixations in a single session (top right panel) and across a population of sessions recorded 
from one monkey (bottom right panel). These data are consistent with recent findings in 
area V1 (Rajkai et al., 2007) and suggest that this relationship between stimulus and 
fixation onset and phase alignment extends beyond the visual system.

Figure 10: Theta-band oscillations

Stimulus-evoked 
modulations in LFP 
amplitude averaged 
across the population 
(A) and for an 
example recording (B) 
for novel (green) and 
repeated (red) stimuli. 

Figure 9: Stimulus-evoked field potential activity

Ongoing theta oscillations in the hippocampus. 
Each sweep is from a different trial and 
represents the response to the first 
presentation of three different stimuli, with 
stimulus onset at time 0. Raw (unfiltered) LFP 
activity is shown in red and LFP activity filtered 
at 4-10 Hz is shown in blue.

Figure 11: Phase concentration in the LFP


