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Although short-term plasticity is believed to play a fundamental role in cortical computation, empirical evidence bearing on its

role during behavior is scarce. Here we looked for the signature of short-term plasticity in the fine-timescale spiking relationships

of a simultaneously recorded population of physiologically identified pyramidal cells and interneurons, in the medial prefrontal

cortex of the rat, in a working memory task. On broader timescales, sequentially organized and transiently active neurons reliably

differentiated between different trajectories of the rat in the maze. On finer timescales, putative monosynaptic interactions

reflected short-term plasticity in their dynamic and predictable modulation across various aspects of the task, beyond a

statistical accounting for the effect of the neurons’ co-varying firing rates. Seeking potential mechanisms for such effects,

we found evidence for both firing pattern–dependent facilitation and depression, as well as for a supralinear effect of

presynaptic coincidence on the firing of postsynaptic targets.

Several theories of cortical computation assign a critical role to the
modulation of synaptic efficacy1. In addition to longer-term forms of
plasticity, in vitro studies have revealed that synaptic efficacy can vary
dynamically at the temporal resolution of behavior, with time constants
at the scale of seconds and subseconds2–6. The study of this latter
phenomenon (‘short-term synaptic plasticity’7,8) has led to the descrip-
tion, in cortical circuits, of a diverse collection of forms of plasticity and
of a number of biophysical phenomena, such as synaptic facilitation
and depression9–11. There has also been, correspondingly, a great deal
of computational research concerning its presumed functional role(s)
in cortical networks12,13. However, in contrast to the large body of
experiments that focus on neuronal firing patterns, relatively little
empirical research14–16 bears on short-term synaptic plasticity in the
intact brain during behavior, and therefore its significance with respect
to behavioral and cognitive processes remains largely theoretical.

A notable feature of multiple single unit cortical recordings is the
occasional presence of sharp, millisecond-fine peaks in the cross-
correlograms between two neurons at time lags that are consistent
with monosynaptic delays15–18. Such peaks suggest that even single
neurons and single spikes can have a detectable effect on local cortical
circuits19–21, and that (at least for pyramidal neuron–interneuron
synapses) these effects are common enough to support systematic
investigation. These observations imply that the examination of the
temporal relationships between spikes of neuron pairs might permit
the detection, albeit indirect, of some aspects of synaptic phenomena in
the behaving animal, at least among subsets of cortical connections.

In this study, we examined large-scale recordings of neuronal
activity in the medial prefrontal cortex (mPFC) of the rat during a
working memory task. At finer timescales, we show that traces of

‘monosynaptic’ activity were widespread in these recordings and
enabled the investigation of aspects of the dynamics of neuronal
interactions in a local circuit, including classification among excitatory
and inhibitory classes of neurons and the reconstruction of small
circuits of mutually connected neurons. We found that the functional
efficacy of apparent monosynaptic interactions varied dynamically and
predictably in the task, even after a statistical accounting for the effect
of the co-varying firing rates of the neurons. Seeking potential
mechanisms for such effects, we report in vivo evidence consistent
with synaptic facilitation and depression, as well as evidence for a
supralinear effect of presynaptic coincidence on the firing of post-
synaptic targets. At broader timescales, we observed that the sequential
activity of widely distributed mPFC neurons reliably differentiated
between the trajectories corresponding to the animal’s choices in this
task, with individual neurons active only for a short duration.

RESULTS

We recorded a total of 633 well-isolated units from the anterior
cingulate area (area 24) and dorsal prelimbic area (area 32) of the
medial prefrontal cortex (mPFC)22 in four rats. The tips of the silicon
probes were positioned to record from either the superficial (layers 2/3)
or deep (layer 5) layers of the mPFC (Fig. 1a; see also Supplementary
Fig. 1 online).

Medial prefrontal cortical units predict behavioral choice

To engage prefrontal networks23, rats were trained in a working
memory task involving odor–place matching (Fig. 1b). This
task required rats to associate an odor cue (chocolate or cheese)
presented in the start box with the spatial position (left or right arm
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of the figure-eight T-maze) of the reward (chocolate or cheese). All rats
performed the task at high proficiency (mean performance, 92%
correct) at the time of neurophysiological data collection.
Figure 1c shows the discharge pattern of a single layer 2/3 mPFC

neuron that fired preferentially in the right arm of the maze. A potential
explanation for the selectively enhanced activity in the side arms is that
the neuron was under the control of environmental and/or motor
command inputs, which were triggered specifically during the right
turn. However, by considering separately the trials in which the rat ran
to the left reward area and those in which the rat ran to the right, we see
that the neuron already showed a goal-specific elevation of discharge in
the central arm itself, suggestive of goal representation. The existence of
goal representation implies that environmental and motor cues are not
sufficient to explain the neural response patterns, and it is itself
reminiscent of theories of working memory in which the persistent
firing of mPFC neurons provides a representation of an input (for
example, the odor cue) that can be active beyond the input’s extinction.

To examine location bias quantitatively, we linearized lap trajectories
and represented them parametrically as a continuous, one-dimensional

line for each trial, beginning with the odor sensation location (position
0) and ending with the reward area (position 1) (Fig. 1b; total length,
230 cm). An analysis of firing rates showed that many individual cells
fired preferentially at specific locations in a robust manner (Fig. 1c),
but also that, viewed as a population, the firing properties of mPFC
neurons were quite homogeneous: individual neurons fired transiently,
but, as a whole, the population of neurons fired relatively uniformly
over the entire apparatus (Fig. 2); the population firing rates (Fig. 2b)
and the fraction of simultaneously active neurons (10% and 20% in
100-ms windows, layers 2/3 and 5, respectively; Fig. 2c) were relatively
constant in all segments of the maze, and most neurons were generically
active for similar standardized distances of 0.27 (62 cm) ± 0.17 (39 cm)
(mean ± s.d.) in the maze (as determined by the 50% firing boundaries
of the peak firing rate; Fig. 2; see Supplementary Fig. 2 online).

To assess goal representation, we classified trajectories for particular
trials into two types (left and right), depending on whether the rat went
to the left or right reward area. Left and right lap trajectories in
segments 0 to 0.3 of the central arm overlapped; they began to differ
significantly at position 0.3 (P o 0.01 with respect to differences in
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Figure 1 Large-scale recording of multiple single units from

mPFC in a working memory task. (a) A movable, two-dimensional

silicon probe (eight shanks, eight sites (yellow squares) each

shank; right panels) was placed in the mPFC. Top main panel,
Nissl-stained sections with electrode tracks (red arrowheads).

Bottom panels, higher magnification of selected sections and

corresponding fluorescence pictures of the carbocyanine dye

(DiI)-labeled tracks (arrowheads). Arrows, electrolytic lesion

marks of the deepest recording site of three selected shanks in

layer 1 of the prelimbic (PL) cortex. IL, infralimbic cortex; ACd,

anterior cingulate cortex; PrCm, precentral motor area; MOP,

primary motor area. (b) Odor-based matching-to-sample task. An

odor cue (chocolate or cheese) is presented following a nose-poke

in a start box (position 0). Cheese or chocolate odor signals the

availability of cheese or chocolate reward in the left or right goal

area (position 1), respectively. Travel trajectories were linearized

and represented parametrically as a continuous, one-dimensional

line for each trial. (c) Firing pattern of a layer 2/3 mPFC neuron during right and left trials. Inset, superimposed traces of the mean waveform (blue) and single

spikes (white) from this unit (1 Hz–8 kHz). Right panels, raster plots of the spikes as a function of location and position-dependent firing rates for this neuron.

Note that we plot firing rate as a function of position but express the rate by its frequency (Hz) with respect to time. Rate is normalized by the amount of time

the rat spends at each position. Red, right turns; blue, left turns, in this and subsequent figures. Two types of statistical assessment are shown: pointwise

(orange) and globally (purple) significant differences (P o 0.05; we determined a segment as significant if it satisfied the global criteria of significance, but,
once a segment was established as significant, we used pointwise criteria to determine the segment’s (spatial) extent; see Methods; Supplementary Fig. 4).
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