
Brief Communications

Cell Type-Specific Tuning of Hippocampal Interneuron
Firing during Gamma Oscillations In Vivo
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Cortical gamma oscillations contribute to cognitive processing and are thought to be supported by perisomatic-innervating GABAergic
interneurons. We performed extracellular recordings of identified interneurons in the hippocampal CA1 area of anesthetized rats,
revealing that the firing patterns of five distinct interneuron types are differentially correlated to spontaneous gamma oscillations. The
firing of bistratified cells, which target dendrites of pyramidal cells coaligned with the glutamatergic input from hippocampal area CA3,
is strongly phase locked to field gamma oscillations. Parvalbumin-expressing basket, axo-axonic, and cholecystokinin-expressing inter-
neurons exhibit moderate gamma modulation, whereas the spike timing of distal dendrite-innervating oriens-lacunosum moleculare
interneurons is not correlated to field gamma oscillations. Cholecystokinin-expressing interneurons fire earliest in the gamma cycle, a
finding that is consistent with their suggested function of thresholding individual pyramidal cells. Furthermore, we show that field
gamma amplitude correlates with interneuronal spike-timing precision and firing rate. Overall, our recordings suggest that gamma
synchronization in vivo is assisted by temporal- and domain-specific GABAergic inputs to pyramidal cells and is initiated in pyramidal
cell dendrites in addition to somata and axon initial segments.
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Introduction
Gamma frequency (30 – 80 Hz) oscillations are observed in the
electroencephalographic signal in a wide range of mammalian
brain regions and are correlated with cognitive functions such as
working memory, conceptual categorization, and attention (En-
gel et al., 2001). Furthermore, altered gamma oscillations are seen
in brain disorders such as schizophrenia, dementia, and autism
(Uhlhaas and Singer, 2006). Many studies have suggested a vari-
ety of synaptic and electrical interactions between GABAergic
interneurons and/or pyramidal cells as mechanisms for the gen-
eration of gamma oscillations (Soltesz and Deschenes, 1993; Hor-
muzdi et al., 2001; Csicsvari et al., 2003; Traub et al., 2003; Mann
et al., 2005; Oren et al., 2006; Vida et al., 2006; Bartos et al., 2007;
Fuchs et al., 2007). The suggested involvement of interneurons is
supported by the preferential firing of unidentified GABAergic
interneurons at particular phases of the extracellular field gamma
cycles in behaving and anesthetized rats (i.e., their activity is
“gamma modulated”) (Bragin et al., 1995; Penttonen et al., 1998;

Csicsvari et al., 2003). Studies on kainate- or carbachol-induced
oscillations in brain slices (Hajos et al., 2004; Gloveli et al., 2005;
Mann et al., 2005; Oren et al., 2006) and related modeling work
(Traub et al., 1996; Bartos et al., 2002) suggest that perisomatic-
targeting interneurons, such as basket cells, have a predominant
role in generating gamma waves in vitro. However, the contribu-
tion of many distinct types of GABAergic interneuron to the
generation of spontaneous gamma oscillations has not been
tested in vivo, and their activity in the intact brain is likely to
reflect specialized roles in the generation and/or propagation of
gamma oscillations.

We report here that the firing patterns of identified interneu-
rons in vivo are related to the field gamma oscillations in a cell
type-specific manner, suggesting that synchronized gamma oscil-
lations are also initiated in the small oblique and basal dendrites
of pyramidal cells.

Materials and Methods
All animal procedures were performed in accordance with the Animals
(Scientific Procedures) Act, 1986 (United Kingdom) and associated
procedures.

Juxtacellular recordings. After induction of anesthesia with isoflurane,
male Sprague Dawley rats (250 –350 g) were anesthetized with urethane
(1.25 g/kg of body weight, i.p.) and supplemental doses of ketamine and
xylazine (20 and 2 mg/kg, respectively) as needed to maintain anesthesia.
Extracellular local field potential (LFP) and unit recording were per-
formed with two different glass electrodes (12–30 M�) filled with 1.5%
Neurobiotin in 0.5 M NaCl. Interneuron action potentials (APs) were
counted via thresholding of the on-line filtered (0.8 –5 kHz) and digitized
(20 kHz) recording; the LFP was filtered on-line (0.3–300 Hz) and digi-
tized at 20 kHz. After unit recording (166 –1282 s per recording), the
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electrode was advanced toward the cell, and positive current steps were
applied to attain juxtacellular Neurobiotin labeling. Spike shape and
amplitude were monitored during recording and labeling to ensure that
the same cell was recorded and labeled. In addition to interneurons, 15
pyramidal cells were recorded during gamma oscillations; six were con-
firmed by juxtacellular labeling, and the others were classified according
to AP width, complex spike bursts, and firing rate.

Histological analysis. Two to four hours after labeling, cardiac perfu-
sion with saline was followed by �20 min fixation with 4% paraformal-
dehyde, 15% v/v saturated picric acid, and 0.05– 0.1% glutaraldehyde.
Interneuron types were identified using visualization by horseradish per-
oxidase enzyme reactions (glucose oxidase– diaminobenzidine method)
for light and electron microscopy and by the coexpression pattern of
molecules demonstrated by immunofluorescence microscopy (Klaus-
berger et al., 2003). Antibodies against parvalbumin (PV) (Mithani et al.,
1987) and somatostatin (Vincent et al., 1985) were gifts from Drs. K.
Baimbridge and A. Buchan (both from University of British Columbia,
Vancouver, British Columbia, Canada), respectively; antibodies against
metabotropic glutamate receptor 1� (mGluR1�) (Alvarez et al., 2000)
were obtained from DiaSorin (Stillwater, MN). We report here on five
axo-axonic cells (T76b, T88a, T103b, T141a, and T151a), five PV-
positive basket cells (T75ab, T135b, C3a, P30c, and K3b), seven chole-

cystokinin (CCK)-positive cells (T64c, T147a,
T152b, T165d, T99d, T123b, and T139c), seven
oriens-lacunosum moleculare (O-LM) cells
(T64a, T69e, T93b, T95e, T128c, T151b, and
T152a), and five bistratified cells (T79e, T83a,
T104a, T104b, and C8b). The firing behavior of
some of these cells was reported in earlier stud-
ies of nongamma rhythmic activity (Klaus-
berger et al., 2003, 2004, 2005).

Analysis of gamma oscillations. Gamma oscil-
lations were detected by digitally filtering
(bandpass 30 – 80 Hz Finite Impulse Response
filter; Spike2; Cambridge Electronic Design,
Cambridge, UK) the LFP, which did not result
in any phase shift, as confirmed by comparing
gamma troughs in filtered and raw traces, and
selecting those cycles with amplitude greater
than the mean cycle amplitude computed over
the entire duration of the recording. To prevent
AP artifacts influencing gamma oscillations de-
rived from the LFP recording, the LFP and unit
APs were always detected in separate electrodes.
However, only those data were included in
which the coherence of gamma oscillations in
the two electrodes could be confirmed during
cycles without action potentials. Because
gamma oscillations reverse around the stratum
pyramidale (SP)-to-stratum radiatum (SR)
border, it was crucial to determine in each case
the position of the LFP electrode relative to the
recorded cell body. This was done by analyzing
the following: (1) the relative size/phase of theta
and gamma oscillations for the two electrodes;
(2) the polarity and size of sharp waves; and (3)
stereotactic coordinates. We selected for our
analysis only those neurons (n � 29 of 70 re-
corded cells) for which the position of both
electrodes could be determined unequivocally.
In 25 recordings, the LFP electrode was located
in or close to the SP. In four recordings (one PV
basket, one axo-axonic, one bistratified, and
one CCK-expressing cell), the LFP electrode
was located at the SR/lacunosum moleculare
(SLM) border. For these recordings, we cor-
rected for the observed gamma phase reversal
relative to the LFP from SP (i.e., all reported
phase values are relative to SP gamma
oscillations).

To exclude a random effect of LFP electrode location on the depth of
modulation or mean gamma phase observed for distinct cell classes, a
comparison of the average gamma amplitude for all recordings (overall
mean, 0.16 mV; SD, 0.07 mV; n � 29) confirmed that there was no
systematic difference in gamma amplitude between the recordings for
the five cell types [Kruskal–Wallis (KW) test, � 2 � 7.5; p � 0.112; n �
29]; excluding the four larger mean gamma amplitudes recorded at the
SR/SLM border still did not result in a systematic difference between the
gamma amplitudes recorded for different cell types (KW test, � 2 � 6.3;
p � 0.181; n � 25). Furthermore, we confirmed that the average ampli-
tude of gamma oscillations for each recording was not correlated to the
depth of modulation of the simultaneously recorded neuron (two-tailed
Spearman’s nonparametric correlation test, r � 0.002; p � 0.993; n �
29); considering only recordings of LFP from SP, the correlation was also
nonsignificant (r � �0.186; p � 0.372; n � 25), and there were also no
significant correlations if tests were performed for cells within a cell class
only ( p � 0.5; n � 5, 5, 7, 7 or 5).

Gamma oscillations were further distinguished according to the am-
plitude of individual cycles: cycle amplitudes �1 SD above the mean
were considered “strong gamma,” whereas cycle amplitudes 0 –1 SD
above the mean were classified as “weak gamma”; in all cases, “gamma”

Figure 1. The spike timing of a bistratified interneuron is strongly coupled to the ascending phase of spontaneous gamma
oscillations. A, Reconstruction of the Neurobiotin-labeled soma and dendrites (red; shown complete) and axons (yellow; shown
from only 5 70-�m-thick sections). A pyramidal cell is superimposed in blue for orientation (different scale and animal). B, Light
micrograph of putative dendritic self-innervation sites (red arrow in A). Black and red arrowheads mark axon and dendrite,
respectively. C, Electron micrograph showing a terminal of the same bistratified cell (black) making a type 2 synapse (arrow) with
an oblique pyramidal dendrite (dend). D, Extracellularly recorded APs (top) and LFPs (bottom; recorded extracellularly with a
second electrode in SP) with filtered gamma oscillations (bandpass, 30 – 80 Hz; middle). The bistratified cell fires preferentially at
the ascending gamma phase. E, Average discharge rates as a function of gamma phase (per 36° bin; 2 cycles are shown with
troughs at 0, 360, and 720°). SO, Stratum oriens. Scale bars: A, 100 �m; B, 10 �m; C, 0.2 �m. Calibration: D, horizontal, 0.05 s;
vertical, top, 2 mV; middle and bottom, 0.2 mV.
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refers to only those cycles with above-mean am-
plitude. To compare the firing during weak ver-
sus strong gamma oscillations for each cell, we
used an exact paired Wilcoxon test (StatXact,
Cytel, Cambridge, MA).

For each AP time point tn, for which the co-
incident gamma oscillation cycle displayed the
correct period (12.5–33.3 ms) and amplitude
(see above), the phase was computed using the
preceding (ti) and following (ti�1) gamma
trough times (phase � [(tn � ti)/(ti�1 � ti)] �
360°). Firing was regarded as gamma modu-
lated if the Rayleigh test indicated that spike-
time phases (relative to the detected gamma os-
cillations) were not distributed uniformly
around the gamma cycle ( p � 0.05) (Zar,
1999). For each cell, we quantified the depth of
modulation by summing all spike-time phases
as unity vectors; the resulting vector sum was
normalized by the number of spikes (Zar,
1999). Depending on the orientations of the
different phase angles, the length of the normal-
ized vector (“r”) can range from 0 (uniform
distribution) to 1 (all phase angles identical).
The direction of r indicates the cell’s mean
phase angle. To test whether mean phase angles
were uniformly distributed, we applied the
Moore test (Zar, 1999).

Phase histograms (36° bins) represent AP
timing relative to the gamma oscillation
troughs in SP. Discharge rate in the phase his-
tograms was computed by dividing the number
of detected APs per bin by the number of de-
tected gamma cycles. Spike2 software (Cam-
bridge Electronic Design) was used for all re-
cordings and for the analysis described above.
Depth of modulation was compared in cells of
different types using both two-sample and mul-
tisample exact KW tests (StatXact, Cytel).

To compare preferred gamma phase angles
for CB1-positive versus CB1-negative interneu-
ron classes, for each class we summed the vec-
tors representing all cells belonging to that class
and calculated the angular difference between
the two vector sums. To evaluate significance,
we used a two-sample permutation test (Good,
2000) implemented in MATLAB (The Math-
Works, Natick, MA): all instances of the two cell groups were randomly
divided into two sets, and the angular difference was computed for all
possible permutations; by comparing the angular difference between the
original groups with the distribution of all possible angular differences,
an exact p value was computed. The statistical software package StatXact
(Cytel) uses similar methods for exact KW and Wilcoxon statistics. We
selected these tests because they make no assumptions about distribu-
tions and because of their suitability for small sample sizes. Only test
results with p � 0.05 are reported here. To control the type 1 error caused
by multiple testing, adapted criterion p values were computed based on
false discovery rate control (Benjamini and Hochberg, 1995), which is
more powerful than the standard Bonferroni correction.

Results
We performed extracellular recordings of interneurons in the
hippocampal CA1 area of anesthetized rats during spontaneously
occurring gamma oscillations (mean 	 SD, 43 	 2 Hz; n � 29)
recorded from a second electrode (see Materials and Methods).
Gamma oscillations occurred nested onto slower (4 – 8 Hz) theta
oscillations (Bragin et al., 1995; Penttonen et al., 1998) and also
during nontheta brain states (Csicsvari et al., 2003). All data were

pooled, because no differences in gamma-related firing patterns
of single cells were observed in the two network states (data not
shown), as described previously in behaving rats (Csicsvari et al.,
2003). Recorded interneurons were individually labeled with the
juxtacellular filling method and unequivocally classified by their
expression of neurochemical markers, dendritic and axonal ar-
borizations, and electron microscopic identification of postsyn-
aptic targets (Klausberger et al., 2003) (Figs. 1, 2). Our analysis
revealed a significant modulation of spike timing during gamma
oscillations (criterion: Rayleigh test, p � 0.05) for all recorded
axo-axonic (n � 5), PV-expressing basket (n � 5), and bistrati-
fied (n � 5) (Fig. 1) cells and five of seven CCK-expressing cells,
but only two of seven identified O-LM cells (Figs. 2, 3A).

To quantify the depth of gamma modulation (Figs. 1D,E,
2C,D), we computed a normalized vector sum of the gamma
phase angles of all spike times for each cell (Fig. 3A) (see Materials
and Methods), where the vector length and angle represent depth
of modulation and preferred phase, respectively. Seven of 15 CA1
pyramidal cells showed significant gamma modulation with a depth
of modulation comparable with interneurons (median, 0.14; range,

Figure 2. Spike timing of an O-LM cell is not coupled to field gamma oscillations. A, Reconstructions of the Neurobiotin-labeled
soma and dendrites (red; shown complete) and axons (yellow; shown from only 12 70-�m-thick sections). B, The Neurobiotin-
labeled O-LM cell is immunopositive for PV, somatostatin (SOM), and mGluR1�. C, Extracellularly recorded APs (top) and LFPs
(bottom; recorded extracellularly with a second electrode in SP) with filtered gamma oscillations (bandpass, 30 – 80 Hz; middle).
The O-LM cell firing is not coupled to any particular gamma phase. D, Average discharge rates as a function of gamma phase (per
36° bin; 2 cycles are shown). SO, Stratum oriens. Scale bars: A, 100 �m; B, 10 �m. Calibration: C, horizontal, 0.1 s; vertical, top, 0.2
mV; middle, 0.1 mV; bottom, 0.4 mV.
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0.07–0.40; n � 7). The depth of modulation of interneurons re-
vealed a significant difference between different classes ( p � 0.001,
two-tailed multisample exact KW test; n � 29) (Fig. 3B).

Surprisingly, bistratified cells (Fig. 1), which, together with
glutamatergic input from the CA3 area, target the oblique den-
drites of pyramidal cells (Klausberger et al., 2004), showed the
strongest gamma modulation (median r � 0.252; interquartile
range, 0.194 – 0.302; n � 5) (Fig. 3B). This gamma-modulated
GABAergic input might explain the gamma-frequency mem-
brane oscillations observed in pyramidal cell dendrites (Pent-
tonen et al., 1998) and could provide a temporal frame in SR for
the recently discovered dendritic branch-specific spiking activity
of CA1 pyramidal cells (Losonczy and Magee, 2006). Such a firing
pattern in bistratified cells could be promoted by the gamma
oscillation-generating CA3 input (Csicsvari et al., 2003) and sup-
ported by autaptic innervation (Bacci and Huguenard, 2006)
(Fig. 1B) and gap-junctional coupling (Baude et al., 2007). In
contrast, the spike timing of O-LM cells (Fig. 2) exhibited no or
very little modulation during gamma oscillations (median r �
0.059; interquartile range, 0.028 – 0.078; n � 7) (Fig. 3B), differ-
ent from bistratified cells ( p � 0.005; two-tailed exact KW test;
n � 12). Axons of O-LM cells innervate the most distal pyramidal
cell dendrites, which receive glutamatergic input from the ento-
rhinal cortex transmitting spatial information from grid cells
(Hafting et al., 2005). In slice preparations of the CA3 area, the
spike timing of O-LM cells was modulated by carbachol-induced
gamma oscillations (Hajos et al., 2004), although their firing rates
were limited to theta frequencies (Gloveli et al., 2005). Our results
suggest that, in the CA1 area, O-LM cells do not contribute to the
generation of gamma oscillations in anesthetized rats.

Axo-axonic, PV basket, and CCK-expressing cells showed
moderate or weak gamma modulation (Fig. 3B). However, be-
cause of the high concentration of their GABAergic synapses in
the pyramidal cell body layer, perisomatic-targeting interneu-
rons might nonetheless contribute significantly to the generation
of field gamma oscillations, as reported for in vitro preparations
(Mann et al., 2005; Oren et al., 2006; Vida et al., 2006).

Under our conditions, most interneurons fired preferentially
at or after the troughs of extracellular gamma oscillations in SP
( p � 0.001, multisample Moore test; n � 29) (Fig. 3A), like
nonidentified interneurons in behaving rats (Csicsvari et al.,
2003). Interestingly, the five significantly modulated CCK-
expressing interneurons, which express cannabinoid CB1 recep-
tors along their axons, fired earlier than the other gamma-
modulated cells ( p � 0.004, two-sample permutation test; n �
22). Seven gamma-modulated pyramidal cells fired at the trough
or rising phase of gamma oscillations in SP (range, 328°-164°), a
finding that is consistent with recordings from behaving animals
(Csicsvari et al., 2003). Thus, inhibition from CCK-expressing
interneurons could be well timed to set a threshold for the firing
of CA1 pyramidal cells: pyramidal cells that overcome the inhib-
itory threshold could subsequently reduce the inhibition from
CCK-expressing GABAergic cells by releasing endocannabinoids
and activating CB1 receptors on the terminals of their afferent
GABAergic synapses (Katona et al., 1999; Wilson and Nicoll,
2001). The reduction of GABA release specifically to firing cells
might further enhance the contrast between spiking and silent
pyramidal cells and support sparse coding in the hippocampus.

The amplitude of extracellular gamma oscillations varied con-
siderably, as reported for behaving rats (Csicsvari et al., 2003). If
synchronously firing interneurons contribute to the generation
of these oscillations, one might expect a correlation between
gamma oscillation amplitude and interneuron firing (Bragin et

Figure 3. Discharge of distinct interneuron classes is differentially modulated during field
gamma oscillations. A, Gamma-modulated firing of interneurons characterized by the depth of
modulation, r, and the mean preferred gamma phase angle for each identified cell (n � 29).
Different symbols mark different cell types as indicated; for each cell type, numbers in paren-
theses indicate the number of significantly modulated cells (Rayleigh test, p � 0.05)/total
number of cells per cell class. Gray symbols represent cells not modulated by gamma. The trough
and peak of the field gamma cycle in SP are at 0 and 180°, respectively. B, Bistratified cell firing
was more strongly gamma modulated than O-LM and CCK cell firing; PV basket cell firing was
also more strongly gamma modulated than O-LM cell firing. Median and interquartile range of
all cells are shown, including cells not significantly modulated. **p � 0.01; *p � 0.02 (exact
KW test). C, D, Interneurons show significantly stronger phase coupling (C) and higher dis-
charge rates (D) during strong gamma cycles with high field gamma amplitude than during
weak gamma cycles with lower amplitude. *p � 0.05; **p � 0.001 (paired one-tailed Wil-
coxon signed-rank test). E, Schematic spike timing of sequentially active pyramidal place cells
(colored spikes) during theta-nested gamma oscillations and their reverse and compressed
replay during subsequent ripple oscillations (Buzsaki, 1989; Foster and Wilson, 2006). Pyrami-
dal cells fire at the trough and ascending phase of gamma and ripple oscillations, with similar
phase relation relative to bistratified cells (black spikes).
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al., 1995). Indeed, interneurons as a population significantly in-
creased the depth of their gamma-modulation tuning (Fig. 3C)
and firing rate (Fig. 3D) during strong as opposed to weak gamma
oscillations (see Materials and Methods). These data demon-
strate a correlation between the magnitude of gamma oscillations
in the extracellular field potential and the firing patterns of
GABAergic interneurons, suggesting a causal relationship.

Discussion
We have shown a cell type-specific tuning of hippocampal inter-
neuron firing during gamma oscillations, a finding that suggests a
division of labor between distinct interneuron types. The lack of
phase locking of O-LM cell firing indicates that these cells do not
contribute to the synchronization of distal pyramidal cell den-
drites to field gamma oscillations. The gamma-modulated firing
of CCK-expressing interneurons at an early gamma phase, before
pyramidal cells fire (Csicsvari et al., 2003), together with their
CB1 receptor expression, could contribute to setting dynamic,
activity-dependent thresholds for pyramidal cells. Axo-axonic
and PV basket cells exhibit moderate but significant gamma
modulation. During hippocampal theta oscillations, associated
with active “exploratory” behavior (Vanderwolf, 1969), these
cells fire preferentially on the peak or descending phase recorded
from CA1 stratum pyramidale (Klausberger et al., 2003). Inter-
estingly, gamma oscillations occur during theta oscillations with
highest amplitude also at the extracellular CA1 theta peaks (Pent-
tonen et al., 1998). This coincidence together with their dense
GABAergic innervation in the pyramidal cell layer suggests that
PV basket and axo-axonic cells play a major role in the generation
of field gamma oscillations. However, these cells might not
gamma modulate the spiking of pyramidal cells, which fire pref-
erentially around the theta troughs together with bistratified in-
terneurons (O’Keefe, 1976; Klausberger et al., 2004). Thus, dur-
ing theta oscillations, strongly gamma-modulated firing of
bistratified cells provides GABAergic input with gamma rhyth-
micity to pyramidal cells coding for space (O’Keefe, 1976).
Bistratified cells could generate precise windows of excitability in
the innervated dendritic branches of single pyramidal cells
(Pouille and Scanziani, 2004). By synchronizing branches of
many pyramidal cells, bistratified cells can phase excitatory input
from the CA3 area to the population gamma phase on time scales
consistent with spike timing-dependent plasticity (Markram et
al., 1997).

Bistratified cells are also very active during sharp wave-
associated ripples (120 –200 Hz) (Klausberger et al., 2004) and
might have a similar spike-timing relationship with simulta-
neously active pyramidal cells (Csicsvari et al., 2003) during both
gamma and ripple oscillations (Fig. 3E). Therefore, bistratified
cells could contribute to the temporal compression of pyramidal
cell assembly firing that occurs between theta-nested gamma os-
cillations during active behavior and memory consolidation dur-
ing sharp wave-associated ripples (Buzsaki, 1989; Foster and Wil-
son, 2006).
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