FIGURE LEGENDS
FIGURE 11.1 Variation in the structure of dendritic trees. Reconstructions are shown from: (A) alpha motoneuron of cat spinal cord, (B) spiking interneuron from mesothoracic ganglion of locust, (C) neocortical layer 5 pyramidal neuron of rat, (D) retinal ganglion cell in cat, (E) amacrine cell from retina of larval salamander, (F) cerebellar Purkinje cell in human, (G) relay neuron in basoventral thalamus of rat, (H) granule cell from olfactory bulb of mouse, (I) spiny projection neuron from striatum of rat, (J) nerve cell in nucleus of Burdach of human fetus, (K) Purkinje cell of mormyrid fish. Source: Mel, 1994.
FIGURE B11.1 Simulations of excitatory synaptic inputs in a model dendrite. (A) Somatic membrane potential for excitatory synapses (ε) positioned in different compartments of a dendrite. Synapses positioned further from the soma resulted in progressively smaller and slower somatically recorded synaptic potentials. EPSP amplitude is normalized to the driving force and time is normalized to the membrane time constant. (B) Somatic membrane potential for activation of excitatory synapses in opposite order. For A->B->C->D the proximal synapses were activated first; for D->C->B->A the distal synapses were activated first. Synapses were simulated at temporal increments of 0.25τ. Source: Rall (1964).
FIGURE B11.2 Examples of dendritic recording. (A) Differential interference contrast image of a cortical layer 5 pyramidal neuron in a living brain slice from rat somatosensory cortex. A patch pipette (asterisk) can be seen recording from the main apical dendrite. (B) Fluorescent image of a simultaneous somatic (blue) and dendritic (green) patch pipette recording from a cortical layer 5 pyramidal neuron. Sources: (A) Adapted from Stuart, et al., 1993; (B) Adapted from Stuart and Sakmann, 1994.
FIGURE 11.2 EPSPs are larger in dendrites than in the soma. (A) Schematic diagram of a pyramidal neuron illustrating synaptic current from the dendrites converging at the soma. Triangles indicate active excitatory synapses. Dashed lines indicate axial dendritic current, with arrowheads indicating direction of current flow. Schematic showing attenuation of EPSP from dendrite to the soma. Dendritic EPSP is larger than somatic EPSP because of higher input impedance of dendrite than soma and loss of charge between dendrite and soma. (B) (a) Similar to A, but showing different current flow when only distal apical synapses are activated. Dendritic EPSP is larger than in A because of higher input impedance of distal dendrite. Somatic EPSP is smaller than in A both because of fewer synapses and maximal loss of charge from distal dendrites. (b) Magnified view showing that some of the current flowing in dendrites is also lost across the dendritic membrane leak. Some membrane current would also flow in A. (C) (a) Triple whole-cell patch-clamp recordings from the soma, proximal dendrite, and distal dendrite. Spontaneous EPSPs were measured simultaneously at all three recording locations. (b) Amplitude of spontaneous EPSPs (sEPSP) measured locally and at the soma, as a function of sEPSP generation (i.e., the dendritic recording location at which the sEPSP was largest). (D) (a) Dual whole-cell patch-clamp recordings from the soma (blue) and a basal dendrite (red, 124 μm from soma) of a layer 5 neocortical pyramidal neuron. Sucrose was applied to evoke unitary EPSPs (by enhancing vesicle release), which are measured in the dendrite and soma. Traces at right are expansions of regions indicated by black bars. (b) Histogram of EPSP amplitudes measured in the soma (blue) and dendrite (red). (c) Average of EPSPs measured in the soma and dendrite. Sources: (A, B) N. Spruston; (C) Williams and Stuart, 2002; (D) Nevian et al., 2007.
FIGURE 11.3 Synaptic interactions in passive dendrites. (A) Simulations showing the temporal relationship between the EPSP and the EPSC. Note the steepest slope of the dendritic EPSP occurs at the peak of the EPSC. The peak of the somatic EPSP occurs when the EPSC is very small (equal to leak current). The terminal decay of the EPSP (somatic and dendritic) is governed by the membrane time constant, but the initial decay of the dendritic EPSP is faster because of axial flow of current in the dendrites, away from the synapse. Amplitude scale is arbitrary. (B) Nonlinear summation of EPSPs in passive dendrites. Simulation of two excitatory synapses activated 0.75 ms apart. EPSPs and EPSCs are shown for activation of one synapse and activation of both synapses. Dashed line: arithmetic difference between EPSP for two synapses and one synapse. The single EPSP is about 20 mV; thus, the driving force for the second EPSC is reduced by about 33%, and the EPSPs and EPSCs are accordingly smaller. (C) Simulations of the effects of inhibition on a simple pyramidal cell model. Solid lines indicate response to excitation and inhibition. Inhibition slightly precedes excitation, but has a reversal potential equal to the resting potential, thus not producing any hyperpolarization on its own (i.e., only shunting inhibition). Dotted lines are excitation alone; dashed line is excitation and inhibition for alternate location of inhibition. Numbers indicate ratio of inhibited/uninhibited EPSP. (a) Distal excitation and somatic inhibition. (b) Distal excitation and on-path dendritic inhibition. (c) Distal excitation and distal dendritic inhibition, either on the same branch as excitation or on a different branch. Sources: (A, B) Simulations by W.L. Kath and N. Spruston; (C) Spruston et al., 2008.
FIGURE 11.4 Early examples of dendritic recordings. (A) Dendritic and somatic recordings obtained from cerebellar Purkinje neurons (composite of separate recordings). Large action potentials at the soma are severely attenuated in the dendrites. Distal dendritic recordings show large, slow spikes mediated by Cav channels. (B) Recordings from dendrites of CA1 pyramidal neurons in intact slices (top) and after separation of dendrites from somata (bottom). All traces are responses to current steps. The rightmost trace is a temporally expanded view of the response to the left. Sources: (A) Llinás and Sugimori, 1980; (B) Benardo et al., 1982.
FIGURE 11.5 Backpropagating action potentials. (A) Triple recording from a neocortical layer 5 pyramidal neuron shows action potential initiation in the axon and backpropagation into the soma and dendrites. (B) Simultaneous dendritic recording from soma and dendrites of cerebellar Purkinje cell shows severe attenuation of action potentials recorded in the dendrites, regardless of the site of current injection. (C) Variable amplitude attenuation of backpropagating action potentials in different types of neurons. (D) Simulations of backpropagating action potentials in CA1 pyramidal neurons reveal sensitivity to Nav and Kv channel density in the distal dendrites, which determines whether or not the action potential successfully invades the apical dendritic tuft. The model shown on the right has a higher density of dendritic Nav channels than the model on the left. Sources: (A) Häusser et al., 2000; (B) Stuart and Häusser, 1994; (C) Stuart et al., 1997b; (D) Golding et al., 2001.
FIGURE B11.3 Using optical techniques to probe dendritic function. (A) A cuvette filled with a fluorescent dye is illuminated with either one-photon or two-photon excitation (top and bottom objectives, respectively). Note the remarkable spatial precision of the two-photon excitation. (B) In vivo imaging of dendritic calcium signaling. Left, a single layer 2/3 pyramidal cell in an anaesthetized rat is filled with a calcium dye (Oregon Green BAPTA-1) via a somatic patch-clamp recording and imaged using 2-photonmicroscopy. Right, Ca2+ transients (averages of 3–5 trials) that were evoked by single backpropagating action potentials at the positions indicated along the dendrite. (C) Probing computational properties of single dendrites using two-photon glutamate uncaging. (a) A pyramidal cell in a neocortical slice is filled with a fluorescent dye via a somatic patch pipette. (b) Spines along a single dendrite are imaged using two-photon microscopy, and the dendrite is bathed with a caged glutamate compound (MNI-glutamate). Synaptic transmission is then mimicked by brief two-photon uncaging at individual spines (yellow dots). (c) The synapses are activated in a sequence, either moving towards the soma (ON, red trace), or away from the soma (OFF, blue trace), producing a directionally selective EPSP at the soma. Sources: (A) Courtesy of Brad Amos, MRC, LMB, Cambridge; (B) Waters et al., 2003; (C) Branco et al., 2010.
FIGURE 11.6 Dendritic sodium spikes. (A) Simultaneous somatic and dendritic (175 μm from soma) recordings from a neocortical layer 5 pyramidal neuron. Using synaptic stimulation at threshold for action potential initiation (left), the somatic action potential precedes the dendritic action potential, both in cell-attached (top) and whole-cell (bottom) recordings. At higher synaptic stimulus intensity (right) the action potential occurs first in the dendrites. (B) Similar recording configuration with dendritic recording 440 μm from the soma. Example traces show (top to bottom): subthreshold EPSP, isolated dendritic spike, dendritic spike followed by somatic burst, dendritic spike preceding somatic action potential. (C) Somatic and dendritic recordings in a hippocampal CA1 pyramidal neuron showing an isolated dendritic spike (top) and a dendritic spike preceding a somatic action potential (bottom). (D) Two-photon uncaging of glutamate onto the dendrites of a CA1 pyramidal neuron. Somatic recordings show a nonlinear increase in the somatic EPSP amplitude and slope, indicative of a dendritic spike that did not trigger an action potential in the axon or soma. Sources: (A, B) Stuart et al., 1997a; (C) Golding and Spruston, 1998; (D) Losonczy and Magee, 2006.
FIGURE 11.7 Dendritic calcium spikes and NMDA spikes. (A) Simultaneous somatic and dendritic (920 μm from soma) recordings from a neocortical layer 5 pyramidal neuron. Synaptic stimulation in layer 2/3 (left traces) or current injection into the dendrite (right) resulted in a dendritic Ca2+ spike (subthreshold responses also shown) in the dendrites that did not propagate to the soma (soma, 440 μm and 770 μm from soma). (B) (a) Schematic of triple recording from a layer 5 pyramidal neuron. (b) Responses to EPSC-like dendritic current injection. (c) Responses to somatic current injection. (d) Responses to combined somatic and dendritic current injections. (e) Responses to larger dendritic current injection. (C) Dual recording 715 μm and 875 μm from the soma in a layer 5 pyramidal neuron. Synaptic stimulation in layer 1 yields dendritic spikes that are restricted to the distal dendritic recording location and blocked by the NMDA receptor antagonist APV. Sources: (A) Schiller et al., 1997; (B) Larkum et al., 1999; (C) Larkum et al., 2009.
FIGURE 11.8 Dendritic excitability and synaptic plasticity. (A) Blocking backpropagating action potentials with dendritic application of TTX prevents the induction of LTP by pairing EPSPs with action potential firing. (a) CA1 pyramidal neuron filled with a Ca2+-sensitive dye showing approximate location of TTX application (circle), strategically positioned to block action potential backpropagation without blocking action potential firing at the soma or synaptic transmission at more distal dendritic locations. (b) Ca2+-sensitive fluorescence changes during pairing of EPSPs and action potentials (evoked by somatic current injection) in control (solid lines) and during application of TTX to the proximal dendrite (dashed lines). Numbered traces correspond to the locations of the numbered boxes in (a). Bottom trace is somatically recorded membrane potential during pairing. (c) Group data showing failure to induce LTP during dendritic TTX application, but not in the absence of TTX application. (B) Stronger stimulation can induce LTP in CA1 pyramidal neurons even when action potential backpropagation is blocked. (a) Paired somatic and dendritic recording during activation of presynaptic axons (no pairing with somatic current injection) and application of TTX to the soma and proximal dendrites to prevent action potential generation and backpropagation from the axon. Synaptic stimulation is strong enough to evoke dendritic spikes, which are attenuated at the soma. (b) Theta-burst synaptic stimulation induces LTP, which is observed in both the soma and the dendrite. (c) Group data showing LTP induction of somatic EPSP in experiments with backpropagating action potentials blocked. (C) Pairing of EPSPs and backpropagating action potentials in neocortical layer 5 pyramidal neurons induces either LTP or LTD, depending on the amplitude of the backpropagating action potentials. In proximal dendrites, where backpropagating action potentials are relatively large, LTP is induced. In distal dendrites, where backpropagating action potentials are smaller, LTD is induced. Depolarization of the distal dendrite amplifies backpropagating action potentials, however, resulting in induction of LTP instead of LTD. Sources: (A) Magee and Johnston, 1997; (B) Golding et al., 2002; (C) Sjöström and Häusser, 2006.
FIGURE 11.9 Functions of dendritic inhibition. (A) Compilation of inhibitory interneurons (dendrites blue, axon red) superimposed on a CA1 pyramidal neuron (black) to illustrate dendritic inhibition. (B) Effects of inhibition on backpropagating action potential in a CA1 pyramidal neuron. (C) Spikes evoked by current injection in a recording from a CA1 pyramidal neuron (top) are inhibited effectively by dendritic inhibition (middle), but not somatic inhibition (bottom). (D) (a) Simultaneous recording from a pyramidal neuron (red, soma and dendrite) and a neighboring inhibitory interneuron (blue). Scale bar is 200 μm. (b) BAC spike evoked by simultaneous somatic current injection to evoke an action potential and synaptic stimulation in layer 1 (somatic recording black; dendritic recording red). (c) BAC spike is blocked by activation of an action potential in the inhibitory interneuron (blue). IPSPs in the pyramidal neuron are also shown (i.e., with no current injection in pyramidal action potential or activation of layer 1 synapses). Sources: (A) N. Spruston, McQuiston and Madison, 1999, Halasy et al., 1996; (B) Tsubokawa and Ross, 1996; (C) Miles et al., 1996; (D) Larkum et al., 1999.
FIGURE 11.10 Spine diversity. (A) Dendritic spines expressing GFP-tagged actin (green) decorate a MAP2-labeled dendrite (red) of a cultured hippocampal neuron. Scale bar is 5 μm. (B) Dendritic spines at increasing magnification from: (a) neocortical pyramidal neuron, (b) hippocampal CA1 pyramidal neuron, (c) neocortical pyramidal neuron, (d) cerebellar Purkinje cell, (e) CA1 pyramidal neuron showing mushroom (M) and thin (t) pedunculated spines. (a–d) are light microscopy and (e) is an EM reconstruction. (C) Cartoons of different spine shapes. (D) Cartoons of small and large axo-spinous synapses. Note the “perforation” of the PSD in the large synapse. In CA1 pyramidal neurons, approximately 20% of synapses have perforated PSDs. These PSDs also have a higher density of AMPA receptors than nonperforated PSDs, suggesting that they are especially powerful synapses. (E) Cartoon illustrating the most abundant organelles and molecules in spines, including: smooth endoplasmic reticulum (SER), coated vesicles (CV), F-actin, and numerous other molecules associated with the postsynaptic density (PSD). Sources: (A) Matus, 2000; (B) Fiala et al., 2008; (C) Hering and Sheng, 2001; (D) Geinisman, 2000; (E) Hering and Sheng, 2001.
FIGURE 11.11 Chemical and electrical compartmentalization in spines. (A) (a) Image of a dendrite from a CA1 pyramidal neuron filled with a Ca2+-insensitive dye (red) and a Ca2+-sensitive dye (green). (b) Time series showing fluorescence changes along the line scan covering the spine (Sp) and the dendrite (Den). The yellow arrowhead indicates the position of a brief laser pulse to uncage MNI-glutamate at the position indicated in (a). (c) Somatically recorded EPSP (top) and Ca2+-mediated fluorescence increase (bottom) in the spine in response to uncaging. (B) (a) Ca2+ transients (green traces below image) restricted to the spine in layer 5 pyramidal neuron. (b) Voltage-sensitive fluorescence changes in the spine (red traces) and dendrite (black traces) in response to a backpropagating action potential (bAP) and an EPSP. (C) Schematic diagram of the responses to a synapse on the spine head (left) and on the dendrite (right). Red indicates larger EPSP than blue. In B and C, note the attenuation from spine to dendrite, but not from dendrite to spine. Sources: (A) Bloodgood and Sabatini, 2007; (B) Palmer and Stuart, 2009; (C) N. Spruston.
FIGURE 11.12 Compartmentalization of different dendritic inputs is important for dendritic computation. (A) Schematic diagram illustrating that the apical tuft (purple) and proximal apical/basal dendrites (green) receive separate synaptic inputs in a variety of types of pyramidal cells. (B) Summation of inputs onto a single dendritic branch (but not between branches) leads to a dendritic spike that remains below threshold for an action potential at the soma. It has therefore been proposed that each proximal apical and basal dendritic branch (blue) acts like a computational unit where synaptic inputs are summed (represented by sigmoidal functions in small circles) and multiple branches need to be activated to trigger an action potential (represented by sigmoidal function in large circles). Distal apical dendrites (red) may similarly sum inputs, which are further summed in a distal dendritic spike-initiation zone. (C) This model proposed in B has been further validated by experiments demonstrating summation of NMDA spikes in apical tuft dendrites to activate a distal Ca2+ spike-initiation zone. (D) CA3 pyramidal neurons receive strong excitatory synaptic input via the mossy fibers from dentate granule cells. These synapses contact elaborate dendritic spines (arrows) called thorny excrescences. Because of the large size of each mossy fiber synapse, they have been referred to as “detonator” synapses. Scale bars: 50 μm (left), 25 μm (right). Sources: (A) Spruston, 2008; (B) Polsky et al., 2004, Spruston and Kath, 2004; (C) Larkum et al., 2009; (D) Gonzales et al., 2001.
