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Bottom-up gamma: the pedunculopontine nucleus and 
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Abstract
Gamma rhythms have been proposed to promote the feed forward or “bottom-up” flow of information from lower to higher regions in the brain during perception. 
On the other hand, beta rhythms have been proposed to represent feedback or “top-down” influence from higher regions to lower. The pedunculopontine nucleus 
(PPN) has been implicated in sleep-wake control and arousal, and is part of the reticular activating system (RAS). This review describes the properties of the cells 
in this nucleus. These properties are unique, and perhaps it is the particular characteristics of these cells that allow the PPN to be involved in a host of functions 
and disorders. The fact that all PPN neurons fire maximally at gamma band frequency regardless of electrophysiological or transmitter type, make this an unusual 
cell group. In other regions, for example in the cortex, cells with such a property represent only a sub-population. More importantly, the fact that this cell group’s 
functions are related to the capacity to generate coherent activity at a preferred natural frequency, gamma band, speaks volumes about how the PPN functions. We 
propose that “bottom-up” gamma band influence arises in the RAS and contributes to the build-up of the background of activity necessary for preconscious awareness 
and gamma activity at cortical levels.
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Introduction 
Bottom-up or feed forward brain processes depend on sensory 

events as stimuli activate lower brain centers and the information 
rises to succeeding higher centers to promote perception. Top-down 
or feedback processing refers to the influence imposed by higher 
centers on the perception of and attention to incoming stimuli. 
Recent studies suggest that feed forward and feedback signaling use 
different frequency channels, specifically gamma and beta frequencies, 
respectively [1]. This review is concerned with questions about bottom-
up processes, specifically, where does the gamma activity arise? Is the 
gamma band activity generated only at the level of the cortex, or does it 
arise from lower centers to interact with ongoing cortical activity? What 
mechanisms generate activity at such frequencies? Can synaptic circuits 
maintain such frequencies for any length of time, or are there other 
mechanisms involved? Which lower centers generate gamma band 
activity, and is it coherent with cortical gamma band activity?

Role of gamma band activity
Gamma oscillations appear to participate in sensory perception, 

problem solving, and memory [2-7], and coherence at these 
frequencies may occur at cortical or thalamocortical levels [8,9]. 
Indeed, synchronous gamma band activation among thalamocortical 
networks [10], and in other neuronal groups is thought to contribute 
to the merger, or “binding”, of information originating from separate 
regions [11]. On the other hand, gamma oscillation deficits have been 
suggested as a pathophysiologic feature of diseases like schizophrenia 
and Alzheimer’s disease [12-15].

Gamma oscillations are thought to emerge from the dynamic 
interaction between intrinsic neuronal and synaptic properties of 
thalamocortical networks [12]. That is, synaptic connections alone may 
not be able to maintain firing at gamma frequencies (~30-90 Hz), so that 
intrinsic membrane properties also appear essential to the maintenance 

of gamma band activity. For example, flicker fusion of visual inputs 
demonstrates that cortical circuits cannot “follow” individual visual 
stimuli presented at rates above 35 Hz or so. That is, cortical circuits 
appear incapable of reliably firing at gamma frequencies for any 
length of time. Therefore, the ability of cells with intrinsic membrane 
properties, coupled with synaptic interactions, is what allows the circuit 
as a whole to fire at a preferred frequency, and is essential to maintaining 
frequencies in the gamma range. The neuronal mechanisms behind 
such activity include the presence of inhibitory cortical interneurons 
with intrinsic membrane potential oscillatory activity in the gamma 
range [8,12,16], many of which are electrically coupled [17], as well as 
of fast rhythmic bursting pyramidal neurons [18]. At the thalamic level, 
thalamocortical excitatory neurons have intrinsic properties needed to 
generate subthreshold gamma band membrane potential oscillations [19].

While cortical interneurons can generate membrane potential 
gamma oscillations through the activation of voltage-dependent, 
persistent sodium channels [8], in thalamocortical neurons, the main 
mechanism responsible for gamma band activity involves high threshold 
P/Q-type voltage-gated calcium channels located in the dendrites 
[19]. Moreover, the same intrinsic properties mediating gamma band 
oscillations are present in the thalamus of several vertebrate species, 
indicating considerable evolutionary conservation [20]. It thus appears 
that at least two types of intrinsic membrane properties are essential 
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for generating gamma band activity, sodium-dependent subthreshold 
oscillations and voltage-dependent high threshold calcium channels.

Voltage-gated calcium channel involvement in gamma band 
generation is particularly important. Indeed, calcium channels are 
known to play a pivotal role in determining intrinsic properties and 
synaptic transmission throughout the central nervous system [21-
25]. P/Q-type channels (also known as Cav2.1 channels) are present 
widely in the brain [4,25-27]. N-type calcium channels are found in 
the rat auditory brainstem, are restricted to the early postnatal period, 
and are replaced by P/Q-type channels later in development [28,29]. 
Importantly, P/Q-type mutant mice have deficient gamma band 
activity in the EEG, abnormal sleep-wake states, ataxia, are prone to 
seizures (low frequency synchrony), and die by 3 weeks of age [30]. 
These findings suggest that both the cortex and the thalamus may be 
capable of generating gamma band activity, and they do so via sub-
populations of cells with sodium-dependent and/or calcium channel-
dependent mechanisms. But do other regions of the brain also generate 
such activity?

Subcortical gamma band activity

Both the hippocampus and cerebellum have the intrinsic and 
synaptic properties necessary to generate gamma band oscillatory 
activity. Hippocampal oscillatory activity in the gamma range (30-90 
Hz) has been extensively described to be functional associated with 
entorhinal cortex afferents [31]. Interestingly, neurons located in 
the entorhinal cortex can also oscillate at gamma band frequencies, 
suggesting a key role for such afferents in maintaining hippocampal 
gamma oscillations [32]. Recently, gamma band activity in the CA1 
area was divided into high (>65 Hz) and low (~25-60 Hz) gamma 
frequency components that differentially couple CA1 and CA3 
subfields, respectively [33]. Such differences have been proposed to 
“bind” CA1 high gamma oscillations with very high frequency activity 
from entorhinal cortex in charge of providing information about 
object and place recognition in rodents [34], whereas CA1 low gamma 
oscillations would be locked to the slower frequencies present in the 
CA3 area in charge of memory storage [33,35]. This suggests the use of 
different frequency bands for separate functions.

Similarly, a peak in gamma band power has been described in the 
Purkinje cell layer around the apex of the cerebellar lobule, and to a 
lower extent in distal white matter [36,37]. Moreover, the cerebellar 
activity is coherent with that of the cortex and thalamus. Cortico-
cerebellar coherence at gamma frequencies is evident in monkeys 
during performance of a manual precision grip task [38], and cerebello-
thalamic activity is synchronized with neocortical activity at gamma 
frequencies [39]. Finally, it has been proposed that both cerebellar and 
thalamocortical networks might oscillate at the same frequencies to 
enable information exchange among these brain areas [37]. It was found 
that gamma band activity in the motor cortex lags behind coherent 
activity in basal ganglia structures [40,41]. This led to the suggestion 
that motor cortex gamma synchronization reflects a momentary 
arousal-related event for enabling the initiation of movement [42-44]. 
That is, structures such as the RAS and thalamus may play an early 
permissive role in the control of movement. Thus, there are several 
other regions generating gamma band activity besides the cortex and 
thalamus, including the hippocampus, cerebellum, basal ganglia, and 
importantly, the reticular activating system (RAS).

Waking and REM sleep

During waking and rapid eye movement (REM) sleep, the 

EEG shows low amplitude, high frequency activity at beta/gamma 
frequencies (~20-30/30-90 Hz) [45]. The pedunculopontine nucleus 
(PPN) is most active during waking and REM sleep [46]. The PPN is 
the arm of the RAS that modulates ascending projections through the 
thalamus (modulating arousal) and descending projections through the 
pons and medulla (modulating posture and locomotion) [46], and is 
composed of different populations of cholinergic, glutamatergic, and 
GABAergic neurons [47]. Extracellular recordings of PPN neurons 
in vivo identified six categories of thalamic projecting PPN cells 
distinguished by their firing properties relative to ponto-geniculo-
occipital wave generation [48]. Some of these neurons had low rates of 
spontaneous firing (<10 Hz), but most had high rates of tonic firing in 
the beta/gamma range (20-80 Hz). It has been shown that PPN neurons 
exhibit beta/gamma frequencies in vivo during active waking and REM 
sleep, but not during slow wave sleep [48-53]. Similarly, the presence 
of gamma band activity has been confirmed in the cortical EEG of the 
cat in vivo when the animal is active [48]; and in the region of the PPN 
in humans during stepping, but not at rest [54]. A recent study showed 
that PPN neurons fired at low frequencies ~10 Hz at rest, but the same 
neurons increased firing to gamma band frequencies when the animal 
woke up, or when the animal began walking on a treadmill [55]. That is, 
the same cells were involved in both arousal and motor control. Thus, 
there is ample evidence for gamma band activity during active waking 
and movement in the PPN in vitro, in vivo, and across species, including 
man. 

Mechanism behind PPN gamma activity

A number of recent publications have described the mechanisms 
behind gamma band activity in the PPN [56-61], and will not be 
reiterated. Briefly, these oscillations are mediated by voltage-dependent, 
high threshold N- and P/Q-type calcium channels that are present in 
every PPN neuron, regardless of cell or transmitter type. These channels 
are distributed along the dendrites of PPN cells [62]. Presumably, 
afferent input traveling through “specific” sensory pathways diverges 
to activate “non-specific” reticular pathways to activate PPN dendrites. 
However, gamma band activity during waking has different mechanisms 
than gamma band activity during REM sleep. Injections of glutamate 
into the PPN increased waking and REM sleep [63], while injections of 
the glutamatergic receptor agonist N-methyl-D-aspartic acid (NMDA) 
increased only waking [64], and injections of the glutamatergic receptor 
agonist kainic acid (KA) increased only REM sleep [65]. Intracellularly, 
protein kinase C (PKC), which modulates KA receptors, enhances 
N-type channel activity and has no effect on P/Q-type channel function 
[66], but CaMKII, which modulates NMDA receptors, was shown to 
modulate P/Q-type channel function [67]. 

That is, the two calcium channel subtypes are modulated by 
different intracellular pathways, N-type by the cAMP/PK pathway, and 
P/Q-type via the CaMKII pathway. Moreover, there are three cell types 
in the PPN, those bearing only N-type calcium channels, those with 
both N- and P/Q-type, and those with only P/Q-type calcium channels 
[68,69]. The implications from all of these results is that, a) there is a 
‘‘waking’’ pathway mediated by CaMKII and P/Q-type channels and a 
‘‘REM sleep’’ pathway mediated by cAMP/PK and N-type channels, and 
b) different PPN cells fire during waking (those with N+P/Q and only 
P/Q-type) vs REM sleep (those with N+P/Q and only N-type). 

Ascending projections

The main ascending output of the PPN is to the intralaminar 
thalamus (ILT), specifically, the parafascicular nucleus (Pf). The ILT 
and Pf receive projections from the cholinergic PPN nuclei with both 
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symmetrical and asymmetrical terminals [70-73]. In turn, Pf neurons 
send widespread projections to the cortex, striatum, subthalamic 
nucleus, and substantia nigra [74,75]. The Pf is thought to be involved 
in maintaining consciousness and selective attention in primates 
[76,77]. We found that all Pf cells recorded manifested P/Q-type 
calcium channels and fired maximally at gamma band frequency [78]. 
Moreover, these channels were distributed along the dendrites of the 
neurons, just as in PPN [79].

These findings provided novel insights into the function of the Pf, 
demonstrating that it generates gamma band oscillatory activity in 
the presence of sufficient excitation from the PPN. We suggest that, 
rather than participating in the temporal binding of sensory events, 
gamma band activity generated in the PPN and relayed to the Pf may 
help stabilize coherence related to arousal, providing a stable activation 
state during waking, and relay such activation to the cortex, which 
thus participates in “non-specific” thalamocortical processing. Most 
of our thoughts and actions are driven by preconscious processes. 
We speculate that continuous sensory input will induce gamma 
band activity in the PPN that is relayed to the Pf to participate in the 
processes of preconscious awareness, and provide the essential stream 
of information for the formulation of many of our actions [56-59,61]. 
Figure 1 shows a wiring diagram of the projections and mechanisms 
described.

Bottom-up gamma

The original description of the RAS specifically suggested that it 
participates in tonic or continuous arousal [80], and lesions of this 
region were found to eliminate tonic arousal [81]. This raises the 
question of how a circuit can maintain such rapid, recurrent activation. 
Expecting a circuit of 5 or 10 synapses to reliably relay 20-60 Hz cycling 
without failing is unrealistic. Without the intrinsic properties afforded 
by rapidly oscillating channels, such as those described recently for the 
PPN and Pf, beta/gamma band activity could not be maintained. The 
combination of channels capable of fast oscillations and of circuitry 
that involves activating these channels probably are both required for 

the maintenance of gamma band activity [8,24,46,56-60]. The PPN and 
Pf, in which every cell manifests gamma band activity, then becomes 
a gamma-making machine. We speculate that it is the continued 
activation of the RAS during waking that allows the maintenance of 
the background of gamma activity necessary to support the state 
capable of reliably assessing the world around us on a continuous basis- 
preconscious awareness.
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