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Uncoordinated Firing Rate Changes of Striatal Fast-Spiking
Interneurons during Behavioral Task Performance

Joshua D. Berke
Department of Psychology, and Neuroscience Program, University of Michigan, Ann Arbor, Michigan 48109

Basal ganglia circuits make key contributions to decision making. Distributed, synchronous feedforward inhibition of striatal medium
spiny neurons by fast-spiking GABAergic interneurons (FSIs) has been argued to be important for the suppression of unwanted actions,
and a deficit in FSIs has been found in human patients with Tourette syndrome. However, no studies have yet examined how striatal FSIs
change their activity during behavioral tasks. Here I describe 36 presumed striatal FSIs recorded in rats during well practiced perfor-
mance of a radial maze win–stay task. Although most FSIs showed robust task-related activity, the temporal patterns of firing rate change
were highly idiosyncratic. In contrast to other classes of striatal neurons, FSIs showed little or no coordinated population response to
major task events such as instruction cues or rewards. Even when multiple FSIs were recorded simultaneously from the same local region
of striatum, firing rate changes were dissimilar, and no clear evidence for synchronous firing was found using cross-correlograms (18 FSI
pairs examined). These results suggest that FSIs play a more complex role in the information processing achieved by striatal microcircuits
than supposed by current theoretical models.
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Introduction
Cortical– basal ganglia circuits have a central role in the organi-
zation of behavior, including action selection and reinforcement
learning (Schultz, 1998; Berke, 2008). Action selection involves
enabling one option while suppressing others, to avoid the simul-
taneous selection of incompatible alternatives (Redgrave et al.,
1999). Just how the basal ganglia contribute to this function is
poorly understood. The most numerous cells in the basal ganglia
are striatal medium spiny neurons (MSNs), GABAergic neurons
whose axons form the striatal output and also innervate nearby
MSNs. Influential earlier theories of striatal function (for review,
see Wilson, 2000) argued that striatal MSNs form a competitive
network via mutual lateral inhibition, whereby neurons partici-
pating in “winning” actions would naturally suppress represen-
tations of alternative actions. However, subsequent studies
showed that axon collaterals of MSNs primarily target distal den-
drites, and the resulting IPSPs are weak and nonreciprocal when
recorded at the soma of target MSNs (Jaeger et al., 1994; Tunstall
et al., 2002; Koos et al., 2004).

Such findings have highlighted the potential role of striatal
interneurons in action selection. Parvalbumin-positive (PV�)
fast-spiking interneurons (FSIs) are highly sensitive to cortical

inputs, and are thought to integrate information from wide cor-
tical areas (Parthasarathy and Graybiel, 1997). They are coupled
together by gap junctions on their dendrites (Kita et al., 1990),
suggesting a coordinated role in intrastriatal information pro-
cessing. Each FSI provides perisomatic GABAergic inputs to
�100 nearby MSNs, and even single FSI spikes can significantly
delay MSN spikes (Koós and Tepper, 1999). These properties
suggest that FSIs are activated synchronously by their inputs and
simultaneously inhibit a large number of their target MSNs.

Coordinated, widespread feedforward inhibition might assist
with action selection in several ways. First, it could establish a
distributed field of inhibition, through which only coherent cor-
tical activity can break through to activate MSNs (Parthasarathy
and Graybiel, 1997). This would help “keep the basal ganglia gate
shut until competitive [cortical] dynamics . . . have a chance to
select a unique . . . goal” (Brown et al., 2004). Second, blanket
suppression of MSNs by FSIs may serve to reset the striatal net-
work when switching between action representations (Plenz,
2003). Third, FSIs may sculpt narrow time windows for synaptic
integration by MSNs (Pouille and Scanziani, 2001), because only
MSNs that receive strong coincident input would reach firing
threshold before being suppressed via feedforward inhibition. A
role for FSIs in action selection is indirectly supported by behav-
ioral evidence. A deficit in striatal PV� cells has been observed in
a rodent model of paroxysmal dystonia [abnormal cocontrac-
tions of opposing muscles (Gernert et al., 2000)] and in humans
with Tourette syndrome (Kalanithi et al., 2005).

One class of extracellularly recorded striatal neurons shows
multiple traits characteristic of FSIs, including very brief spike
waveforms, the ability to fire at high frequencies, and a graded
distribution (Berke et al., 2004). Recently it was confirmed that
extracellularly recorded rat striatal neurons with the narrowest
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waveforms are PV� (Mallet et al., 2005). I therefore examined
whether, in behaving rats, FSIs show coordinated population ac-
tivity consistent with widespread feedforward inhibition to
MSNs.

Materials and Methods
Behavioral task. Rats were trained to perform a win–stay task under com-
puter control in a wooden plus maze, painted matte black, elevated 71 cm
from the floor, and surrounded by dark curtains. The maze consisted of
a central octagon (25.5 cm diameter), four arms (46 � 9.5 cm), and four
goal boxes at the end of the arms (30 � 15 cm). Each component had
3-cm-high walls. A CCD camera mounted on the ceiling tracked the
position of infrared light-emitting diodes (LEDs) on the rats’ headstage
at 30 Hz. A pair of cue lights (green LEDs on stalks, located on each arm
12 cm from the central octagon), indicated the rewarded arm on each
trial; normally off, they began flashing (125 ms on, 75 ms off) as the rat
approached the central octagon (triggered at 32.2 cm from the maze
center). Cue lights were carefully arranged to be visible as soon as they
started flashing, regardless of which other arm the rat was on. The goal
boxes contained liquid dispensers that automatically rewarded correct
performance with droplets (100 –150 �l) of slightly sweetened water (the
water was dispensed as the rat entered the correct goal box). The task was
continuous in that the goal box for each trial immediately became the
start box for the next trial, and there were no barriers present to limit the
rat’s movement. The cued arm was selected pseudorandomly on each
trial, with the constraint that if the rat had made the same egocentric (e.g.,
left turn) choice on the previous two trials, then the rat was not cued to
make the same movement a third time in a row. Rats were allowed to run
freely until they showed a prolonged pause without initiating another
trial (typically, rats ran �100 trials over �40 min sessions).

Data acquisition and analysis. Electrophysiological procedures and re-
cording locations have been published in detail previously (Berke et al.,
2004); the great majority of the cells described here were also part of that
earlier dataset. Extracellular spikes were amplified and filtered at 600 –
6000 Hz or 300 – 6000 Hz by custom-built amplifiers, and digitized at
30.33 kHz. To avoid counting neurons more than once, spikes from a
given electrode were only measured from a single behavioral session,
unless the electrode had been moved at least 80 �m between sessions.
Criteria for distinguishing between cell types were similar to before
(Berke et al., 2004). Cells with valley width (at half maximum) �0.35 ms
and mean firing rate �10 Hz were presumed MSNs [none of these cells
had the very long duration waveforms and broad initial gap in their
autocorrelograms characteristic of monkey “tonically active neurons”
(TANs)]. Cells with valley width �0.24 ms and peak width �0.11 ms
were presumed fast-spiking interneurons for the reasons previously de-
scribed (Berke et al., 2004; Mallet et al., 2005), provided that they were
also near-continuously active [fraction of interspike interval (ISIs)
longer than 1 s �2%]. Of the remainder, cells with 0.20 � valley width �
0.29 ms and 0.11 � peak width � 0.15 ms were termed O cells; these
parameters described a rare cell class with a distinctive waveform shape
(see Fig. 2 A). Nine adult male Long–Evans rats contributed FSIs and O
cells to the data presented here; seven of these rats were implanted with
tetrodes (using 12.5 �m nichrome wire) and two with bundles of ste-
reotrodes (using 25 �m nichrome wire). Thirty of thirty-six FSIs and
four of five “O cells” were recorded with tetrodes. Analyses were per-
formed in MATLAB or Neuroexplorer. Spatial firing maps were con-
structed by binning position values into a 128 � 128 pixel grid and
averaging the firing rates across all visits to each pixel, followed by spatial
smoothing by convolution with a Gaussian kernel (5 � 5 pixels; � � 2
pixels). Pixels with less than three visits are shown in black. Bin sizes were
50 ms for perievent time histograms and 500 �s for cross-correlograms,
without smoothing. Significance criterion for cross-correlogram peaks/
troughs was set at three successive bins outside the 99.5% confidence
limits of the mean.

Results
Classification of striatal neurons
Rat striatal and hippocampal neurons were recorded during well
practiced performance (76 –99% correct) of a radial maze task, in

which thirsty subjects ran between water ports with light cues
indicating which maze arm choice would be rewarded (Fig. 1A).
This is a continuous version of the “win–stay” task that has pre-
viously been shown to be dependent on intact striatal function
(McDonald and White, 1993). Of 175 distinct striatal neurons
that were sufficiently active and stable to analyze further, 109
were judged to be MSNs, and 36 were judged to be FSIs (Fig. 1B).
The task-related firing patterns of striatal and hippocampal pro-
jection cells will be reported separately. In addition, a rare (n � 5)
class of active neurons was identified with intermediate valley
widths and a characteristic waveform shape (Fig. 2A). The dis-
tinct properties of these other cells (“O cells”) are described
below.

As previously reported (Berke et al., 2004), FSIs showed a
dramatic state-dependent shift in firing pattern. In awake, behav-
ing animals, FSIs tonically fired individual spikes, but during
slow-wave sleep (SWS) they switched to an irregular burst mode
that resulted in a narrow, early (�10 ms) peak in their interspike
interval distribution (Fig. 2A). This early peak was very promi-

Figure 1. Win–stay task and striatal cell classification. A, Plus-maze arrangement (to scale).
Thirsty rats ran continuously between water ports at the arm ends. As the rat approached the
central zone on each trial, one pair of lights began flashing to indicate which arm choice would
be rewarded. B, Striatal neurons fall into distinct classes based on waveform characteristics [see
also Fig. 2 and Berke et al. (2004)]. Most striatal neurons had wide waveforms (blue dots) and
were not tonically active; these are presumed MSNs. One set of tonically active cells had very
brief waveforms (red dots) and are presumed fast-spiking GABAergic interneurons. Another,
rarely encountered set of tonically active neurons (green dots; “O cells”) with distinctive wave-
forms may represent another interneuron class (see Results). Black circles indicate unclassified
neurons. Mean peak width, valley width, and session-wide firing rate for each cell class were as
follows: MSNs, 141 �s, 474 �s, 1.39 Hz; FSIs, 87 �s, 144 �s, 24.7 Hz; O cells, 128 �s, 252 �s,
15.2 Hz. Six additional unclassified units were excluded from this plot because unusually com-
plex waveform shapes prevented unequivocal assignment of “peak” and “valley” labels to
waveform components.
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Figure 2. Distinct activity patterns and behavioral correlates of presumed striatal neuron subpopulations. A, Five examples each of FSIs (top), O cells (middle), and MSNs (bottom), showing
recording locations in striatum and spike waveforms (left; mean � SD). B, Interspike interval (ISI) histograms during task performance (awake) and SWS, for the same units as shown in A. y-Axis
is counts per bin (starting at zero). FSIs showed an early peak (marked with asterisk) in the ISI histogram during sleep. C, Corresponding raster plots (top panels) and perievent time histograms
(bottom panels) aligned on arrivals at the baited reward port. Numbers at left of histograms indicate firing rate (in hertz; scales begin at zero); numbers at right of rasters indicate trial number.
Examples illustrate the wide range of distinct firing rate changes observed for FSIs and MSNs, whereas all O cells had similar firing rate time courses. The top three FSIs were recorded simultaneously
from the same tetrode in dorsal striatum, demonstrating that nearby FSIs can have very different patterns of behavior-linked firing rate change.
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nent in 16 of 17 FSIs examined during
SWS (94%; from six different rats), but
was never observed for O cells or MSNs
(Fig. 2A).

When the relationships between cell
classes and local field potential oscillations
were examined, FSIs and O cells were
found to fire at distinct phases of high-
voltage spindles and sleep slow waves
(supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).
These findings further demonstrate that
classifying striatal units on the basis of
waveform shape can effectively demarcate
distinct populations of striatal cells.

Diverse FSI firing rate changes during
task performance
The behavioral correlates of putative stria-
tal interneurons were first examined us-
ing perievent time histograms (PETHs)
aligned on two key moments during each
trial: the onset of the instruction cue and
the arrival of the rat at the water reward.
All O cells showed a similar pattern of fir-
ing rate change: relatively lower activity as
rats ran along maze arms and then a
marked and prolonged increase after re-
ward receipt (Fig. 2C). This suggests that,
in this well learned task, O cells are provid-
ing a relatively uniform signal as part of
striatal information processing. In contrast, FSIs showed highly
idiosyncratic firing rate changes (Fig. 2C). Although approxi-
mately three-quarters of the FSIs showed clear increases or de-
creases in firing in reward-aligned PETHs, these changes did not
share a clear common direction, moment within trial, or charac-
teristic duration.

To test whether the diversity of FSI firing rate changes was
masking a common or predominant epoch of modulation,
population-level PETHs were constructed by normalizing each
cell to its mean firing rate and averaging the resulting individual
PETHs (Fig. 3A). MSNs, FSIs, and O cells showed very different
population activity time courses. The within-class similarity of O
cell activity generated a population time course with a sharp in-
crease after reward receipt, and reward-enhanced activity was
also seen for MSNs. No such change occurred for FSIs, for which
the population activity remained within 15% of the mean
throughout both instruction-cue-aligned and reward-receipt-
aligned PETHs (Fig. 3A). When population activity was exam-
ined as a function of space instead of event-related time, a similar
result was seen (Fig. 3B): whereas the activity of the MSN popu-
lation was enhanced around the center of the maze and the re-
ward ports, and the O cells were markedly more active at the
reward ports, the FSI population showed a uniform coverage of
the radial maze. This provides further evidence that there were no
particular moments during the performance of this task that were
associated with a coordinated change in FSI firing rate.

Evidence against a coordinated FSI feedforward signal within
local striatal domains
The results above argue against a globally coordinated signal pro-
vided by striatal FSIs in this task. However, if broadly tuned feed-
forward signals operated within local functional domains of the

striatum, one might not expect FSIs from different striatal subre-
gions to have similar firing patterns. Particular attention was
therefore paid to those cases in which multiple FSIs were simul-
taneously recorded from the same probe, and thus were very close
together within striatum. Twelve such FSI pairs were identified
(from four tetrode cases with two FSIs each, two tetrode cases
with three FSIs each, and two stereotrode cases with two FSIs
each). For 11/12 pairs, FSI firing rate modulation was dramati-
cally dissimilar for the two FSIs (for example, see the top three
cells of Fig. 2B). The remaining case was a pair in which neither
cell showed rapid modulation of firing rate (both cells showed a
slow increase during reward consumption; data not shown).

The possible synchronization of FSIs on finer time scales was
examined by constructing cross-correlograms between pairs of
FSIs in the time range [�20 ms �20 ms]. No significant peaks or
troughs were seen for any of the 12 FSI pairs recorded simulta-
neously from the same probe (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The only excep-
tions were two sessions in which cross-correlograms showed a
centered narrow peak in the �3 ms range. These early peaks were
considered an unreliable indicator of synchrony for cells re-
corded from the same probe, because the inability to separate
overlapping spikes produces such peaks through a “shadowing
effect” (Bar-Gad et al., 2003) even for uncorrelated neurons. This
peak was never seen for FSI pairs recorded from separate probes
(0/6 pairs) (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). Thus, no compelling evidence was
seen for short time-scale synchronization between striatal FSIs
during behavioral task performance, with the caveat that techni-
cal limitations degrade detection of possible synchrony at �3 ms
for neurons recorded from the same probe.

Figure 3. Distinct population activity patterns of three different striatal subpopulations. A, Mean normalized firing rate for
MSNs (n � 109), FSIs (n � 36), and O cells (n � 5) relative to instruction cue onset (left) or arrival at baited reward ports (right).
At the population level, relatively little change was seen for FSIs because they show very different responses from each other (Fig.
2). In contrast, the similarity of O cell responses produces a sharp population activity increase after rewards. B, Averaged firing
maps for each subpopulation (left, MSNs; middle, FSIs; right, O cells). The maxima of the color scales are 2.3, 28, and 22 Hz,
respectively.
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Discussion
How the dynamic properties of forebrain microcircuits contribute
to mental/behavioral functions is a major current area of neurosci-
entific investigation. In the striatum, anatomical studies and electro-
physiological work in slices and anesthetized animals have demon-
strated that divergent feedforward inhibition via FSIs is a potentially
powerful component of intrastriatal information processing (Pen-
nartz and Kitai, 1991). On this basis, it has been proposed that the
coordinated activity of FSIs plays an important role in choices, by
broad suppression of MSNs involved in unselected actions or goals.
The present work set out to test whether FSIs in fact show coordi-
nated changes in firing rate in awake, behaving animals. Surpris-
ingly, presumed FSIs showed highly independent firing rate changes,
even within very local regions of striatum. Although data are shown
here only from a single, well learned task, at no point during task
performance or reward consumption was there a consistent change
in FSI firing rate that would indicate a coordinated response. The
rich and diverse activity time courses of most FSIs suggest that these
cells are active participants in the details of striatal input:output
transformations, rather than providing a global signal involved in
(for example) broad suppression of unselected actions, or network
reset.

This diversity of FSI firing patterns stands in marked contrast
to the more uniform activity of other important components of
striatal information processing. In particular, the signals pro-
vided by both the mesostriatal dopamine input and intrastriatal
cholinergic signaling are generally considered to be far more sca-
lar in nature (Schultz, 1998; Morris et al., 2004). Although some
monkey “TANs” (presumed cholinergic interneurons) show se-
lectivity in their responses [for example, to contralaterally vs ip-
silaterally presented stimuli (Ravel et al., 2006)], the onset time,
direction, and duration of their pause–rebound firing rate
changes are quite consistent between cells. Another likely subtype
of striatal interneurons, termed O cells here, also showed a con-
sistent pattern of firing rate changes (increased activity after re-
ward receipt). This result is intriguing but must be viewed with
caution, because the number of these neurons recorded is small
and their identity currently unknown. Because they have briefer
waveforms than MSNs (but not so brief as FSIs), I speculate that
they represent one of the other known subpopulations of striatal
GABAergic interneurons, such as those that colocalize soma-
tostatin/nitric oxide synthase/NPY, or calretinin. However, in-
sights into the functional role of this population within striatal
microcircuitry will have to wait until their chemical phenotype is
established and their activity examined in a wider range of behav-
ioral situations. It is worth noting that cells with the long-
duration waveform and regular spike pattern characteristic of
monkey TANs (presumed cholinergic interneurons) were almost
never encountered during these experiments. Conversely, pre-
sumed GABAergic interneurons have not been reported in mon-
key studies. Although PV� cells are a larger proportion of inter-
neurons in rats than in primates (Wu and Parent, 2000), such
cross-species differences do not seem sufficient to account for
this; differences in the electrode types used and neuronal mor-
phology (Yelnik et al., 1993) may be contributing factors.

In sensory regions of cortex, FSIs mediate feedforward inhibi-
tion from thalamus, enforcing the temporal precision of princi-
pal cell responses to external stimuli (Wehr and Zador, 2003;
Cruikshank et al., 2007). Within a single somatosensory barrel,
cortical FSIs each receive powerful inputs from overlapping sets
of thalamic neurons, resulting in a synchronized FSI population
with high sensitivity but low specificity [i.e., broad tuning (Swad-

low, 2003)]. Striatal FSIs possess similar anatomical and physio-
logical features, including gap junction coupling, convergent in-
puts, and divergent outputs, that suggest they too should act as a
temporally coordinated population. The apparent lack of syn-
chronization between striatal FSIs was therefore quite unex-
pected. However, recent modeling studies of the striatal FSI net-
work have found that gap junctions do not, in fact, dramatically
enhance synchrony in response to synaptic inputs (J. Hjorth, K.
Blackwell, and J. Hellgen Kotaleski, personal communication).
Rather, their dominant impact is to lower overall firing rates
through current shunting, except in the case in which FSIs receive
highly synchronous inputs. Consistent with this, we have previ-
ously observed that striatal FSIs do fire synchronously during
high-voltage spindles, an �8 Hz idling rhythm that broadly en-
gages cortex, basal ganglia, and thalamus (Berke et al., 2004; De-
jean et al., 2007).

The dissimilar behavioral response patterns of striatal FSIs might
reflect the fractured afferent topography of this structure, with dif-
ferent FSIs located in distinct functional domains (Wilson, 2000).
However, the dendrites and axons of FSIs do not respect known
intrastriatal compartment boundaries such as those between patches
(striosomes) and matrix (Cowan et al., 1990; Bennett and Bolam,
1994). Further, dissimilar firing rate changes were seen even for FSIs
that very likely had overlapping dendritic and axonal fields. Al-
though the effective “range” of microelectrodes for detecting cells in
striatum is not known, in a hippocampal study using the same type
of tetrodes as used here, effective unit separation from noise was
obtained only when the probe was �50 �m from the cell soma
(Henze et al., 2000). Therefore, in the present study, FSIs simulta-
neously recorded from the same probe were likely �100 �m apart,
and are likely to be influencing overlapping sets of MSNs. FSIs have
been estimated to make synapses on �25% of MSNs within 250 �m
of their cell body, and each MSN receives synapses from 4–27 FSIs
(Koós and Tepper, 1999). The present results therefore suggest that
individual MSNs receive inputs from FSIs with very different behav-
ioral correlates.

If each MSN receives converging inputs from a substantial
number of distinct FSIs with uncorrelated firing rate changes, the
overall rate of GABAergic inputs to a given MSN would remain
nearly constant during task performance. Although this arrange-
ment could certainly provide broadly tuned inhibition, prevent-
ing weak cortical activity from evoking spikes in MSNs, it begs the
question of why there should be extrinsic inputs to FSIs at all.
Unlike some other classes of tonically active basal ganglia neu-
rons, striatal FSIs are silent if deprived of their inputs (Plenz and
Kitai, 1998). Compared with MSNs, which receive sparse inputs
from many different cells (Kincaid et al., 1998), FSIs seem to be
driven by a far smaller number of distinct corticostriatal neurons,
from multiple cortical areas onto individual FSIs (Ramanathan et
al., 2002). Clearly it would be helpful to obtain more information
about the subpopulation of cortical neurons that project to FSIs.

In addition, FSIs receive a specific (GABAergic) projection
from globus pallidus (Bevan et al., 1998). The function of this
“return” projection is not known, although it has been suggested
to act as one of a set of signals providing dynamic gain control
(Gurney and Overton, 2004). Because neurons in globus pallidus
also show distinctive and uncorrelated firing rate changes (Bar-
Gad et al., 2003), this projection may well contribute to the ob-
served striatal FSI firing patterns, although it is not possible with
these methods to determine the relative contributions of gluta-
matergic and GABAergic inputs. If the globus pallidus input ex-
erts a strong influence over the firing pattern of striatal FSIs, then
it might make more sense to conceptualize these cells as part of a
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feedback pathway within the basal ganglia rather than, or in ad-
dition to, providing feedforward inhibition from cortex. Al-
though feedforward inhibition via striatal FSIs is clearly present
after artificial stimulation of cortex (Mallet et al., 2005), the over-
all notion of feedforward inhibition is perhaps less compelling
when the striatum is viewed as one component of cortex– basal
ganglia–thalamus– cortex loops whose recurrent nature is critical
to their normal operation (Leblois et al., 2006).

Finally, it is important to consider the various time scales over
which striatal FSI activity might be coordinated. Fast-spiking
GABAergic interneurons contribute to the orchestration of pro-
jection neuron spike timing in many brain regions (Buzsáki,
2006), and striatal FSIs are in a commanding position to control
the fine spike timing of MSNs (Koos et al., 2004). FSIs can show
entrainment to fast oscillations in the local field potential (Berke,
2005) and may be vital for the recruitment of local MSN popula-
tions into ensembles. It is therefore possible that the most signif-
icant aspects of FSI activity, including synchronization, operate
on the millisecond time scale. Although no convincing evidence
was found for synchronization between pairs of striatal FSIs,
session-wide cross-correlograms may not have detected transient
forms of synchrony that occur around specific key behavioral or
neural events (Paz et al., 2006). The examination of FSI:FSI and
FSI:MSN relationships during behavioral tasks in which deci-
sions can be analyzed with high temporal precision will be an
important area for future studies.
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