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Abstract. A temporal dispersion window is the time required for a volley of action potentials on presynaptic axons to cross the dendritic arbor of a postsynaptic neuron. The volley produces a series of unitary postsynaptic potentials (PSPs) on the postsynaptic neuron. Temporal dispersion is, thus, one factor that can influence the integration of unitary PSPs and the production of action potentials in cortical neurons. Temporal dispersion windows for neurons in the visual cortex of the freshwater turtle, Pseudemys scripta, were estimated by characterizing geniculate afferents and the morphology of neurons in the visual cortex. Horseradish peroxidase injections in the thalamus revealed thin and unmyelinated terminal arbors that run horizontally from lateral to medial across the cortex, forming en passant synapses across the dendrites of cortical neurons. Axons with two calibers were seen, one with diameters between 0.5 and 2.0 µm, and a second with diameters below the resolution limit of the light microscope. The conduction velocity of geniculate afferents in the cortex was measured at 0.18 m/sec ±0.04 using the latency of extracellular field potentials evoked by electrical stimulation of the lateral forebrain bundle. The positions and dendritic arbors were characterized in Golgi preparations. Seven morphologically distinct neuron types were positioned to intersect the geniculate afferents in Golgi preparations. The spatial overlap between the dendritic arbors of these cells and the geniculate afferents varied from 128 to 850 µm. Temporal dispersion windows for the seven cell types ranged from 0.7 to 4.7 msec, estimated using a geniculate fiber conduction velocity of 0.18 m/sec. Estimated conduction velocities of 0.04 m/sec for small-caliber fibers produce temporal dispersion windows of 3.2 to 21.3 m/sec. Keywords:



turtle, dendrite, integration, timing, microcircuit



Introduction The terminal arbors of thalamic fibers form large and complex structures in the visual cortices of vertebrates (e.g., Blasdel and Lund, 1983; Ferster and LeVay, 1978; Heller and Ulinski, 1987; Humphrey et al., 1985; Mulligan and Ulinski, 1990). Although thalamic axons are myelinated throughout most of their course from the thalamus to the cortex, the arbors themselves



are unmyelinated and bear many varicosities that are presynaptic elements in thalamocortical synapses. An individual arbor may contact several morphologically distinct types of cortical cells, and an individual cortical neuron may receive synaptic contacts from many different arbors. An action potential sequentially activates thalamocortical synapses as it propagates through the axonal arbor and elicits excitatory postsynaptic potentials (EPSPs) in the postsynaptic neuron. The amount
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of time required for a presynaptic volley to pass through the dendritic arbor of a cortical neuron is its temporal dispersion window. Measurement of temporal dispersion windows for cortical neurons is important for understanding the sequence of events that occur when an action potential in a fascicle of thalamic afferents produces an action potential in a postsynaptic neuron. However, the dynamics of geniculocortical excitation, including temporal dispersion, tend to be difficult to measure in mammals due to the relatively complex architecture of the terminal axon arbors of thalamic afferents, the likely antidromic activation of cortical axons by electrical stimulation (Douglas and Martin, 1991), and the relatively low threshold for recruiting feedback excitation in the cortex. Freshwater turtles have a three-layered cortex that receives direct inputs from a dorsal lateral geniculate complex (review: Ulinski, 1999), which run in relatively straight, horizontal lines from lateral to medial across the cortex (Heller and Ulinski, 1987; Mulligan and Ulinski, 1990). This organization facilitates analysis of the geometrical relationships between geniculate afferents and the neurons postsynaptic to them, as well as measurements of the conduction velocity in the terminal segments of the afferents. Temporal dispersion windows for seven types of neurons that are positioned to receive geniculocortical synapses are estimated in this article by measuring the dimensions of their dendritic arbors and the conduction velocity of the terminal arbors of thalamic afferents. The results suggest that a single action potential in a thalamic afferent can produce EPSPs in a postsynaptic neuron with a temporal dispersion of 0.7 to 21.3 msec, depending on the morphology of the postsynaptic cell.



Materials and Methods Freshwater turtles of the genera Pseudemys or Chrysemys were used. Cytoarchitecture of Visual Cortex Coronal sections through brains of several turtles were stained for Nissl substance with cresyl violet. A camera lucida was used to trace the pial and ependymal surfaces of the brain and the boundaries of cell layers. Tracings of sections were made at evenly spaced levels from just caudal to the olfactory bulb to just rostral to the optic tectum.



Anterograde Labeling of Thalamocortical Afferents Material from Heller and Ulinski (1987) was used to quantify the spatial distribution of thalamocortical afferents within visual cortex. This material was prepared by making pressure injections of horseradish peroxidase (HRP) into the dorsal lateral geniculate nucleus (dLGN) in 19 turtles. Seven were injected using an in vivo protocol and survived for 3 to 5 days. Twelve were injected using an in vitro protocol and survived for 8 to 24 h. Brains were fixed, embedded, and sectioned at a thickness of 100 µm on a cryostat. Sections were mounted and processed by a cobalt-enhanced diaminobenzidine protocol and counterstained for Nissl substance. Golgi Preparations Eleven brains were impregnated using the Adams version (Adams, 1979) of the Golgi-Kopsch method. Five were fixed using 2% glutaraldehyde and 2% paraformaldehyde; six were fixed using 10% formaldehyde. The brains were embedded in epon and sectioned at a thickness of 150 µm. Impregnated neurons were examined and drawn with a camera lucida at 400×. Many neurons had dendrites that were truncated by the plane of section, and it was often impossible to trace dendrites into the adjacent section. Characterization of the spatial distribution of each cell type was, thus, made on the basis of large numbers of incomplete arbors and smaller numbers of cells with complete arbors. The morphology of dendrites was characterized using a subset of neurons with complete, or nearly complete, arbors. Correction for possible shrinkage due to the fixation process was not made. Golgi impregnation is known to cause 5 to 30% shrinkage, which is most pronounced in the dimension perpendicular to the plane of section (Braitenberg and Sch¨uz, 1991). Coronal shrinkage does not affect our measurement of horizontal arbor width, but horizontal shrinkage would increase the values we report for temporal dispersion windows. Arbor widths may also be underestimated for cells with larger arbors due to occasional truncation of dendrites by the plane of section. Tissue Preparation, Stimulation, and Recording Methods An in vitro preparation (Larson-Prior et al., 1991) was used to measure the conduction velocity of
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Figure 1. Turtle visual cortex. A (out lined): The visual cortex is an oval-shaped area on the dorsolateral surface of the telencephalic hemispheres. B: A typical coronal cross-section through the center of the right telencephalon, at approximately the rostrocaudal center of the hemisphere. Four cytoarchitectonically distinct major cortical areas are indicated: medial (M), dorsomedial (D M ), dorsal (D), and lateral (L). The dorsal area (D) is the visual cortex. C: The in vitro preparation used to study thalamic axon conduction velocity in visual cortex, in coronal view. The anterior dorsal ventricular ridge (ADVR) is removed from the isolated telencephalic hemisphere and the cortical sheet is pinned onto the recording chamber floor with the ventricular side up. The geniculocortical axons (parallel curved lines) are stimulated remotely in the lateral forebrain bundle (LFB). Intracellular postsynaptic potentials and extracellular field potentials are recorded at various depths (e.g., Superficial and Deep) at various positions along the lateromedial trajectory of the afferents. The lateral (D L ) and medial (D M ) divisions of the visual cortex and the cortical layers 1, 2, and 3 are indicated. A pyramidal neuron is illustrated in the medial visual cortex with its apical dendritic arbor intersecting the band of thalamic afferents in upper layer 1. Scale bars, 1 mm. Additional abbreviations: OB, olfactory bulb; CTX, cortex; OT, optic tectum; CB, cerebellum; STR, striatum.



thalamocortical axons within the visual cortex (Fig. 1). Turtles with carapace lengths of 10 to 15 cm (Lemberger, Madison, WI) were maintained in a 21◦ C environment on a 12 h light schedule. Turtles were anesthetized with intraperitoneal injections of 50 mg/kg sodium Brevital (methohexital usp, Lilly). They were decapitated, and the brain rostral to the caudal edge of the optic tectum was removed. A telencephalic



hemisphere was isolated, and incisions were made at the rostral and caudal edges of the medial cortex. The cortex was unrolled to reveal its ventricular surface, and the preparation secured to the Sylgard floor of the recording chamber with stainless steel pins. The cortex was maintained at 21◦C and superfused with turtle Ringer’s solution containing (in mM) NaCl 96.5, KCl 2.6, MgCl2 2.0, dextrose 10.0, NaHCO3 31.5, CaCl2
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4.0 (Mori et al., 1981). A mixture of 5% CO2 /95% O2 was bubbled through the solution to maintain the pH at 7.6. Extracellular field potentials were recorded using electrodes made from thick-walled glass, filled with 4M potassium acetate, and with resistances of 0.5 to 80 MÄ. Recordings were made using an Axoclamp 2A preamplifier in bridge balance mode, digitized and stored on floppy disks using a Nicolet System 400 digital oscilloscope. Analysis was performed off-line using the Nicolet Pro Waveform Processing Package (Nicolet, Madison, WI). Thalamocortical axons were stimulated via a bipolar tungsten electrode placed in the dorsal peduncle of the lateral forebrain bundle (LFB), which contains fascicles of geniculocortical axons but not corticogeniculate axons (Heller and Ulinski, 1987). Stimuli were shocks with durations of 0.01 to 1.0 msec and intensities of 2 to 10 V. The conduction velocity of thalamic afferents was measured from field potentials using a Ringer’s solution in which the concentrations of calcium and magnesium ions were changed to 0 mM Ca2+ and 4 mM Mg2+ to prevent Ca2+ -dependent synaptic transmission (del Castillo and Stark, 1952; Andersen et al., 1978). Latencies of the field potentials were measured at sites along the lateromedial trajectory of the thalamic afferents after 15 min in the low Ca2+ /high Mg2+ solution. Preliminary observations indicated that this time interval was sufficient to reliably abolish a late component of the field potential believed to result from postsynaptic potentials in cortical neurons. The position of the electrode along the lateromedial, rostrocaudal, and pioependymal axes of the cortex were measured with the microdrive apparatus (Narishige) at each recording site. Conduction velocity was calculated by dividing the horizontal distance between two recording sites by the latency difference between the sites. Dependence of the field potentials on sodium-mediated action potentials was confirmed by addition of 0.5 µM tetrodotoxin (TTX, Sigma) to the bath solution. Results The results are presented in five parts. The first part reviews relevant features of the cytoarchitecture of turtle visual cortex. The second uses an anatomical preparation to quantify the spatial distribution of geniculate afferents within visual cortex. The third uses an in vitro preparation of the geniculocortical system (LarsonPrior et al., 1991) to measure the conduction velocity of



the terminal arbors of geniculate afferents. The fourth uses Golgi preparations to estimate the widths of the dendritic arbors of neurons that are potential postsynaptic targets of geniculate afferents. The last part reports that the temporal dispersion windows for each type of neuron in the geniculortical pathway range between 0.7 and 21.3 msec.



Cytoarchitecture of Visual Cortex The visual cortex in turtles is an oval area situated on the dorsolateral surface of the cerebral hemispheres (Fig. 1A). It receives input from the dLGN and contains neurons that respond to visual stimulation (Heller and Ulinski, 1987; Ulinski, 1999). Visual cortex corresponds to a cytoarchitectonic area of the cortex known as the dorsal area (Fig. 1B). Like other areas of turtle cortex, the dorsal area (D) contains three layers. The cell-poor layer 1 lies just below the pial surface and consists of apical dendrites of pyramidal cells, geniculate afferents, sparsely distributed interneurons, and axons of cells in other cortical areas. The cell-dense layer 2 contains the cell bodies of the pyramidal neurons, which are the principal output cells of the cortex. Layer 3 abuts the ventricular surface of the cortex and contains pyramidal cell basal dendrites and sparsely distributed interneurons. D has distinct lateral and medial parts. The lateral part of dorsal cortex (D L ) is characterized by large clusters of cell bodies in layer 2. Layer 2 has a curved, hilar configuration. The medial part of dorsal cortex (D M ) has a planar configuration and smaller clusters of cell bodies in layer 2.



Spatial Distribution of Thalamic Afferents The path by which geniculate afferents reach visual cortex has been described qualitatively using a variety of axonal tracing techniques (Hall and Ebner, 1970; Desan, 1984; Heller and Ulinski, 1987). Geniculate afferents course from lateral to medial through D. They begin their trajectories in layer 3 of D L , pass through layer 2 and end in the top third to half of layer 1 in D M . The spatial distribution of geniculate afferents was quantified by measuring the position and vertical extent of the afferent system at a series of clearly identifiable landmarks in the trajectory of the afferents (Fig. 2). The landmarks were the point at which the band of geniculate afferents in layer 3 crosses the boundary between layers 2 and 3 (Fig. 2, filled triangles), the point at which
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Figure 2. Morphology of geniculate afferents. A: Coronal section through the visual cortex showing thalamic afferents and cortical cell bodies. Landmarks in the trajectory of the afferent bundle are indicated by icons (see Results). B: A graph of lateromedial versus rostrocaudal positions of landmarks in multiple serial sections. This graph has been zeroed with respect to the middle landmark (filled diamonds). C: The average pioependymal thickness of the afferent bundle at each landmark versus the average lateromedial position of the landmark. D: A standardized map of afferents in the coronal plane constructed using average positions from (B) and (C), superimposed on a map of cortical layers.



the band of geniculate afferents crosses the midpoint of layer 2 (open diamonds), the point at which the geniculate band crosses the boundary between layers 1 and 2 (filled diamonds), the point at which the geniculate band crosses the midpoint of layer 1 (open squares), and the point at which the geniculate band reaches the pia (filled squares). The dorsoventral thickness of the bundle of geniculate afferents at each landmark (Fig. 2C) and the position of each landmark along the lateromedial axis of D (Fig. 2B) were measured in every coronal section through the most densely labeled of the twelve brains used by Heller and Ulinski (1987). These measurements were consistent with the pattern of afferents in less well-labeled brains. The vertical extent of the geniculate band varies along its lateromedial trajectory (Fig. 2C). It has a mean ±SD thickness of 180 ± 50 µm at the lateral edge of the cortex (filled triangle, n = 7 sections), increases to a thickness of 281 ± 70 µm as it passes through



layer 2, and then steadily decreases to a thickness of 89 ± 19 µm at the medial edge of D. The lateromedial extent of the geniculate afferents is greatest in coronal sections near the midpoint of the rostrocaudal axis of dorsal area, where they extend nearly 2 mm from the lateral edge to the medial edge of the dorsal area. The lateromedial exent of geniculate afferents decreases to about 1.5 mm in the most rostral coronal sections and to about 1.0 mm in the most caudal coronal sections. The geniculate afferents, thus, form a roughly teardropshaped area in the cortex when viewed from the exterior surface of the brain. The mean thickness of the band of geniculate afferents, measured at each of the five landmarks, and the mean lateromedial positions of each of the landmarks were used to construct a standardized map of the trajectory of the geniculate afferents, which was plotted on a standardized map of the cortical layers (Fig. 2D). The map of cortical layers was obtained by measuring
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the distance between the pia and the boundaries of the cortical layers in coronal sections from seven rostrocaudal levels. The pia was represented by a line segment to straighten and flatten the layers. Layer boundaries were plotted as mean distances from the pia. This map was used to compare the spatial distribution of neurons in D with the distribution of geniculate afferents and, thereby, identify populations of neurons which are in potential receipt of geniculate input. Widths of the Dendritic Arbors of Cortical Neurons The library of Golgi material was used to measure the widths of the dendritic arbors of the morphological types of neurons intersecting the geniculocortical afferents. The sample consisted of 955 neurons from four brains. Standardized maps of soma placement for each type of neuron were made in two brains chosen for their degree of impregnation, which was sparse enough to easily identify cell types yet dense enough to generate statistical distributions of cell placement. The border between D L and D M was determined in each section by the identification of morphological landmarks, and the lateromedial placement of somata in the section was measured relative to this border. Laterally placed cells had negative distances, while medially placed cells had positive distances. The distances of somata along an axis perpendicular to the pia were also measured. Finally, rostrocaudal distance was measured by multiplying the section number by the section thickness (150 µm). Coronal maps of these coordinates were made for each cell type. The mean and standard deviations of distances from the pia were calculated for each cell type. The width of the dendritic arbor of each completely impregnated cell was measured as the maximal horizontal dimension of that arbor occupying the space innervated by geniculate axons. Layer 3 smooth horizontal cells are positioned so that neither their somata nor dendrites intersect the geniculate afferents. They are not considered in this article. However, seven types of neurons have somata or dendritic arbors that lie within the trajectory of the geniculate afferents. Pyramidal cells have somata located in layer 2, apical dendrites that extend into layer 1 and basal dendrites that extend into layer 3. Pyramidal cells in D L and D M differ significantly in their morphology and have different arbor widths. Lateral pyramidal cells (Fig. 3A and B) have ovoid to spherical somata with major diameters of 17 ± 5 µm (n = 12), oriented vertically. Somata have five to 12 primary dendrites approximately



Figure 3. Lateral pyramidal cell. This and the following five figures illustrate the morphology of cortical neurons with dendritic fields that intersect geniculocortical afferents. A: A low-power tracing of the cortex showing the location of a representative of the neuron type for that figure. B: The morphology of the neuron drawn at high power. C: The spatial distribution of the somata (shown as dots) identified in a sample of two brains. Neurons from different sections have been superimposed on a standardized outline of the cortex. Thin lines indicate the boundaries between layers. The lateral edge of the visual cortex is on the right side of the map, and the pial surface is at the top. This figure shows the morphology of a representative pyramidal cell from the lateral part of visual cortex (A, B). Lateral pyramidal cells had somata located predominantly in layer 2 (C).



3 µm in diameter that bear secondary and occasionally tertiary dendrites that taper slightly toward the ends. Dendrites measure approximately 240 µm in length and form an arbor that is usually divided into distinct apical and basal tufts of densely spiny dendrites. The apical and basal tufts are approximately equal in size and are often arranged to form a roughly stellate-shaped arbor. Somata are located predominantly within layer 2 (Fig. 3C). The boundaries of layer 2 are relatively difficult to define precisely in lateral cortex and vary significantly along the rostrocaudal axis of the brain. Those individual somata situated above or below layer 2 in Fig. 3C, therefore, probably lie along the margins of



Temporal Dispersion Windows in Cortical Neurons layer 2. Somata were situated 462 ± 139 (n = 435) µm from the pial surface. Arbor widths of lateral pyramidal cells measured 487 ± 104 µm (n = 16). Medial pyramidal cells (Fig. 4A and B) have pyramidal to ovoid somata that are slightly smaller than those of lateral pyramidal cells, with major diameters of 12 ± 3 µm (n = 16). Somata bear five to 12 primary dendrites approximately 250 µm in length, which occasionally branch. These moderately spiny dendrites are arranged in cone-shaped apical and basal tufts leading away from the soma. Basal dendritic arbors become larger near the boundary between lateral and medial visual cortex. Somata are located in layer 2 (Fig. 4C), situated 371 ± 62 µm (n = 382) from the pial surface. Medial pyramidal cells have arbor widths of 346 ± 100 µm (n = 32). Bowl cells (Fig. 5A and B) have horizontally elongate somata with major diameters of 20 ± 5 µm (n = 12). Five to 10 primary dendrites leave the soma of a bowl cell along its equator and occasionally branch. The secondary dendrites form a bowl-shaped arbor in which the moderately spiny dendrites are nearly vertical at the pial surface. The cell bodies were found in upper layer 2 and lower layer 1 (Fig. 5C), situated 300 ± 71 µm (n = 43) from the pial surface. Bowl cells were approximately twice as frequent in the
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sample in D M as in D L . Bowl cells have arbor widths of 599 ± 172 µm (n = 12). Spiny horizontal cells (Fig. 6A and B) have horizontally elongate somata with major diameters of 21 ± 4 µm (n = 12). Two to five primary dendrites leave the cell body along its equator. These occasionally branch into secondary and tertiary branches. Dendritic spines are absent from the proximal segments of the primary dendrites and occur with moderate density on the more distal segments of primary branches and on secondary and tertiary branches. Dendrites are about 425 µm long and form a horizontally elongate arbor running along a lateromedial axis. A striking feature of spiny horizontal cells is that they appear to be embedded in the trajectory of the geniculocortical fibers so the orientation of their dendrites parallels the geniculate axons. The spatial distribution plot in Fig. 6C is not representative in that these neurons were found to concentrate in the middle and top of layer 1 near the boundary between D L and D M in other samples. The somata of spiny horizontal cells are usually located in layer 1 (Fig. 6C), situated 235 ± 80 µm (n = 19) from the pial surface. Most spiny horizontal cells in the sample had dendritic arbors that were truncated by the microtome and could not be traced into adjacent sections. Three spiny horizontal cells were



Figure 4. Medial pyramidal cell. A, B: The morphology of a representative pyramidal cell from the medial part of visual cortex. C: Medial pyramidal cells had somata located predominantly in layer 2. The format of the figure is the same as that of Fig. 3.
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Figure 5. Bowl cell. A, B: The morphology of a representative bowl cell from the medial part of visual cortex. C: Bowl cells had somata located predominantly in the top part of layer 2 and the lower part of layer 1. The format of the figure is the same as that of Fig. 3.



Figure 6. Spiny horizontal cell. A, B: The morphology of a representative spiny horizontal cell from the medial part of visual cortex. C: Spiny horizontal cells had somata located predominantly in layer 1 and the upper part of layer 2. The format of the figure is the same as that of Fig. 3.
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Figure 7. Smooth stellate cells. A, B, C: The morphology of representative smooth stellate cells from the medial and lateral parts of visual cortex. A medial smooth stellate cell is shown in (B), and a lateral smooth stellate cell is shown in (C). D: Medial smooth stellate cells had somata located predominantly in layers 1 and 2, while lateral smooth stellate cells had somata located in layers 1, 2, and 3. The format of the figure is the same as that of Fig. 3.



successfully reconstructed; they had arbor widths of 850 ± 87 µm. Smooth stellate cells were found in both D M and D L , but their arbor widths and spatial distributions differed between the two parts. Medial smooth stellate cells (Fig. 7A and B) have spherical to ovoid somata with major diameters of 23 ± 7 µm (n = 11). Four to 10 smooth, sometimes beaded, dendrites extend in all directions from the soma, occasionally branching. The dendrites form roughly stellate arbors. Somata were located in layers 1 and 2 (Fig. 7D), situated 319 ± 68 µm (n = 10) from the pial surface. Medial smooth stellate cells had arbor widths of 180 ± 50 µm (n = 11). Lateral smooth stellate cells (Fig. 7A and C) have somata with major diameters of 23 ± 7 µm (n = 16). Four to 10 smooth, sometimes beaded dendrites extend in all directions from the soma, occasionally branching, to form roughly stellate arbors. Somata were found in layers 1, 2, and 3 but were most numerous in layer 2 (Fig. 7D), situated 500 ± 170 µm (n = 42) from the pial surface. Lateral smooth stellate cells had arbor widths of 318 ± 104 µm (n = 16).



Smooth hemispheric cells (Fig. 8A and B) were quite rare. They have ovoid to spherical somata with major diameters of 20 ± 0 µm (n = 4). Four to 12 smooth, sometimes beaded, dendrites leave the soma on its apical side and branch to form a hemispheric apical arbor. Somata were found only in layer 1 of the hilus region of D L (Fig. 8C) situated 270 ± 17 µm (n = 4) from the pial surface. Smooth hemispheric cells have arbor widths of 128 ± 17 µm (n = 4). Seven types of neurons, thus, have dendrites or somata that are in potential receipt of geniculate inputs. Each type of neuron has a distinctive arbor width, ranging between cell types from a mean of 128 to 850 µm. This suggests that the time required for a geniculate volley to cross a neuron’s dendritic arbor differs between cell types. These temporal dispersion windows will depend on the conduction velocity of the terminal segments of the thalamic afferents. Conduction Velocity of Thalamic Afferents The conduction velocity of thalamic afferents was calculated from extracellular field potentials measured
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Figure 8. Smooth hemispheric cell. A, B: The morphology of a representative smooth hemispheric cell from the lateral part of visual cortex. C: Smooth hemispheric cells had somata located in layer 1. The format of the figure is the same as that of Fig. 3.



at two discrete points along a lateromedial trajectory in visual cortex. Field potentials showed a capacitive transient lasting approximately 2 msec followed by early and late components. The polarity of the two components varied as a function of depth and lateromedial position in the cortex. This is expected from the spatial distributions of geniculate afferents in D because extracellular field potentials reverse their polarity as the recording electrode passes through a current source. Since geniculate afferents are positioned more superficially in D M than in D L , differences in the field potentials produced by activation of the geniculate afferents should occur as the recording electrode passes through D M and D L . The two traces shown in Fig. 9A are typical of field potentials recorded in D L in that the early component is a bath-negative potential. The late component is bath-positive at superficial depths and reverses to a bath-negative potential deeper in the cortex. By contrast, field potentials recorded in D M show early components that are bath-positive, while late components reverse as the electrode passes through layer 2. This pattern of reversals is consistent with the spatial distribution of geniculate afferents described above and the position of cortical layer 2. The relative contributions of synaptic currents and propagating action potentials to the two components of the field potentials were determined by pharmacologically blocking synaptic transmission with a low



Ca2+ /high Mg2+ solution and blocking action potentials with TTX. The late component of the field potentials disappeared when the low Ca2+ /high Mg2+ solution was applied, but the early component remained unchanged (n = 9; Fig. 9B and C). Addition of TTX to the low Ca2+ /high Mg2+ solution completely eliminated the field potential (n = 2; Fig. 9C). These experiments indicate that the late component of the field potential is generated by synaptic currents, while the early component is generated by propagation of sodium-dependent action potentials in the thalamic afferents. Early components of field potentials recorded in the low Ca2+ /high Mg2+ solution were used to estimate the conduction velocity of thalamic afferents. Recordings were made for nine pairs of recording sites in six turtles. One site in each pair was situated laterally and the other more medially in the cortex (Fig. 10A). All nine pairs of sites were situated near the midpoint of the rostrocaudal axis of visual cortex because geniculate afferents are known to have relatively uncurved trajectories in this region of cortex (Mulligan and Ulinski, 1990). The latency of each early component was defined as the point at which the voltage trace deviated from the capacitive transient for more laterally placed sites, or the baseline for more medially placed sites (Fig. 10B, arrows). Latencies ranged between 3.0 and 28.9 msec. The difference in the latencies between the
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Figure 10. Conduction velocity measurement. A (LFB): Field potentials were recorded at relatively lateral and medial sites along the trajectory of the geniculate afferents in the cortex following stimulation of the afferents in the dorsal lateral forebrain bundle. B: Arrows mark the onset of the geniculate volley at each recording site. Traces are averaged over 20 consecutive trials.



Figure 9. Evoked field potentials in lateral visual cortex. A–C: Field potentials following electrical stimulation of the dorsal lateral forebrain bundle. Part A shows field potentials recorded in Ringer’s solution at superficial and deep recording sites (see Methods and Fig. 1C). Parts B, C show field potentials recorded in Ringer’s with 0 mM calcium and 4 mM magnesium to block synaptic transmission. The late, but not early, phases of the waveforms are altered by the low calcium solution. The sodium-dependence of the field potentials was confirmed by application of tetrodotoxin (C, TTX). All traces are averaged over 20 consecutive trials.



two sites in each pair of recordings ranged from 2.5 to 17.4 msec. The difference in the lateromedial positions of the two sites in each pair ranged from 0.5 to 3.0 mm. Conduction velocities were calculated as the ratio of the difference in positions to the difference in latencies. The mean ± standard deviation of conduction velocity was 0.18 ± 0.04 m/sec. Since pairs of recording sites were located at different positions in the cortex and with different interelectrode distances, the small standard deviation suggests that the conduction velocity of individual thalamic afferents does not change dramatically in their course across visual cortex. Temporal Dispersion Windows Temporal dispersion windows were estimated for each neuron type by dividing its dendritic arbor width by



the measured conduction velocity of 0.18 m/sec. Mean temporal dispersion windows calculated in this way ranged between 0.7 and 4.7 msec (Table 1). The presence of long tails on the evoked field potential recordings (Fig. 10), and the range of axon calibers in the geniculate terminal arbors suggest the presence of more slowly conducting afferents. An additional column was consequently added to this table, using a conduction velocity of 0.04 m/sec based on the diameter differences between the presumed fastest and slowest axons to calculate temporal dispersion windows. The derivation of this slow conduction velocity from anatomical data is discussed below. Mean temporal dispersion windows calculated in this way ranged from 3.2 to 21.3 msec. Discussion The temporal dispersion window is the time it takes a volley of synchronous geniculate action potentials on a fascicle of thalamocortical axon arbors to traverse the dendritic arbor of a cortical neuron. It equals the time between first and last unitary EPSPs integrated by the dendritic arbor during the volley. The simple anatomy of the terminal segments of geniculate axons in turtle visual cortex facilitates an analysis of temporal dispersion windows for geniculocortical interactions. Using the average conduction velocity of 0.18 m/sec measured for geniculate axon terminals, temporal dispersion
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Table 1. Temporal dispersion windows (1t) resulting from conduction velocities of 0.18 and 0.04 m/sec. Cell type



Arbor width



1t at 0.18 m/sec



1t at 0.04 m/sec



Hemispheric



128 ± 17 µm



0.7 ± 0.1 msec



3.2 ± 0.4 msec



Medial smooth



180 ± 50



1.0 ± 0.3



4.5 ± 1.3



Lateral smooth



318 ± 104



1.8 ± 0.6



8.0 ± 2.6



Medial pyramidal



346 ± 100



1.9 ± 0.6



8.7 ± 2.5



Lateral pyramidal



487 ± 104



2.7 ± 0.6



12.2 ± 2.6



Bowl



599 ± 172



3.3 ± 1.0



15.0 ± 4.3



Spiny horizontal



850 ± 87



4.7 ± 0.5



21.3 ± 2.2



windows for seven types of neurons in the turtle visual cortex ranged between 0.7 and 4.7 msec. Anatomically based estimates of slower conduction velocities suggest temporal dispersion windows can range up to 21.3 msec. These results are compared with recent data from mammalian cortical preparations.



Cytoarchitecture of Visual Vortex The cerebral cortex of reptiles consists of several cytoarchitectually distinct areas that form rostrocaudally oriented strips on the hemispheres (review: Ulinski, 1990). Two of these areas can be confidently identified in different species of reptiles and are relatively well understood. The lateral cortical area (L) lies on the ventrolateral surface of the cerebral hemisphere, receives direct inputs from the main olfactory bulb, and can be viewed as the primary olfactory cortex. The medial area (M) lies on the medial surface of the hemisphere



and has connections comparable to the limbic, or hippocampal, cortex of mammals. Dorsomedial cortex (DM) lies adjacent to M on the crown of the hemispheres and, like M, has connections that resemble those of mammalian limbic cortical areas. The cytoarchitecture of the region between DM and L varies considerably between reptiles, and no consistent and generally accepted terminology has been developed for this region. Desan (1984) proposed a nomeclature for this area in turtles that consists of two subareas, D1 and D2 (Fig. 11A). D2 contains two cytoarchitectonic subfields, the more lateral of which is a region known classically as the pallial thickening (Johnston, 1915). Consistent with the results from several laboratories (see Heller and Ulinski, 1987), Desan (1984) showed that D2 corresponds to the primary visual cortex, defined as the region of the cortex that receives direct projections from the dorsal lateral geniculate complex. Ulinski (1986) subsequently showed that D2 contains neurons that project to the dorsal lateral geniculate complex.



Figure 11. Cytoarchitecture of visual cortex. A: The original nomenclature proposed by Desan describes five distinct cortical areas, medial (M), dorsomedial (DM), dorsal 1 (D1), dorsal 2 (D2), and lateral (L). B: The nomenclature proposed here combines Desan’s areas DM and D1 into a single area called dorsomedial (DM) cortex, which has connections with other cortical areas but no direct connections with the dorsal lateral geniculate nucleus (dLGN). Desan’s area D2 is simply called dorsal cortex (D) based on its reciprocal connections with the dLGN. Other abbreviations: ADVR, anterior dorsal ventricular ridge; STR, striatum.
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Although the connections of D1 are not well established, it is interconnected with other cortical areas and does not appear to receive direct sensory inputs. The disadvantage of Desan’s nomenclature, thus, is that D (comprised of areas D1 and D2) does not represent a single entity either in terms of its cytoarchitecture or its pattern of connections. The nomenclature suggested here recognizes cortical area D as the primary visual cortex. It has cytoarchitectonic parts, named the lateral part of D, D L , and the medial part of D, D M . Cortical area DM, thus, includes two cytoarchitectonic fields that correspond to areas DM and D1 of Desan. Neither area is known to receive inputs from a thalamic sensory nucleus, but both are involved in connections between cortical areas. Spatial Distribution of Thalamic Axons The geniculocortical pathway in Pseudemys was first described with the Fink-Heimer technique for tracing degenerating axons (Hall and Ebner, 1970). Hall and Ebner interpreted only degeneration lying within D M as terminal degeneration, but HRP tracing techniques (Heller and Ulinski, 1987) suggest that geniculocortical terminals contact neurons in layer 2 and parts of layers 1 and 3 of D L as well as those lying in the upper third to half of layer 1 of D M . Our analysis indicates that geniculortical axons lie within 150 µm of the pial surface through most of D M and between 150 and about 1000 µm in D L . Smith et al. (1980) plotted the distribution of degenerating synaptic profiles in the medial-most portion of D M following thalamic lesions and found degenerating terminals restricted to the upper 100 µm. This distribution is consistent with our measurements for the medial edge of D M . Thalamic axons course from lateral to medial across the cortex bearing varicosities en passant (Mulligan and Ulinski, 1990). Thus, a fascicle of axons will form different geometrical relationships with the various classes of neurons present in different parts of the cortex. Arbor Widths of Neurons in the Geniculocortical Pathway Comparison of the spatial distributions of geniculate afferents and the dendritic arbors of neurons in visual cortex suggests that seven classes of cortical neurons are positioned to receive geniculocortical synapses. Pyramidal cells have been described in several species of
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turtles, and all authors have commented on the differences in morphology between pyramidal cells in D M and D L . Northcutt (1970) noted that the more laterally placed pyramidal neurons in the dorsal cortex of Chrysemys had more extensive basal dendritic arbors than did their medial counterparts. Davydova and Goncharova (1979) identified pyramidal cells with the range of morphologies described in the present study in Emys orbicularis and Testudo horsfieldii. Desan (1984) described a broad class of “principal” cells or “P-cells” in dorsal cortex of Pseudemys. He commented on the more extensive basal arbors of lateral pyramidal cells as compared with their medial counterparts. Connors and Kriegstein (1986) reported morphologies consistent with the P-cells of Desan (1984) via the Golgi technique and intracellular HRP injection. Bowl cells were called “polygonal projection” (Type C) cells by Northcutt (1970) in Chrysemys and type I cells by Davydova and Goncharova (1979). Descriptions of pyramidal cells by Desan (1984) and Connors and Kriegstein (1986) are broad enough to include bowl cell morphologies. Two cells similar to spiny horizontal cells were described by Davydova and Goncharova (1979). One was heavily branched, very spiny, and situated at the junction of D L and D M . The other had relatively unbranched, sparsely spiny horizontal dendrites in D M . Desan (1984) described a class of spiny “sub-pial” cells in upper layer 1 with horizontally oriented dendritic arbors. Smooth stellate cells appear to correspond to Northcutt’s (1970) “intrinsic stellate association” (Type D) cells with locally projecting axon arbors. Desan (1984) described a broad class of “nonspiny” cells in layers 1 and 2 with smooth, sometimes beaded dendrites. Connors and Kriegstein (1986) reported similar cells in layers 1 through 3. Smooth hemispheric cells are rare in our material and have not been previously described. Some authors (Fowler and Reiner, personal communication) have described bipolar cells that have somata in layer 2 and unbranched apical and basal dendrites, but we did not see these in our material. Observations at the light microscopic level cannot prove that geniculate afferents make synaptic contacts on each of these seven cell types, but work at the electron microscopic level shows that thalamic terminals in D M contain round, agranular vesicles and form synapses with asymmetric membrane specializations on cells with both spinous and smooth dendrites (Smith et al., 1980). Asymmetric synapses on the spines of spiny cells accounted for approximately 86% of the
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total number of thalamocortical synapses. Asymmetric synapses on the shafts of smooth cells accounted for the remaining 14%. Axospinous synapses were presumed to be formed exclusively with pyramidal cells by Smith et al., but bowl and spiny horizontal cells may also receive thalamic synapses. Synaptic contacts apposing dendritic shafts were presumed to be afferent to smooth stellate cell types, but they may also innervate smooth hemispheric cells. A stereological analysis suggested that smooth cells in D M receive approximately 1800 thalamic synapses each, while spiny cells in D M receive about 300 thalamic synapses. Estimation of dendritic arbor widths was performed using neurons with complete or relatively complete dendritic arbors, the extent of which was measured in a direction parallel to the trajectory of the geniculate afferents in that part of the cortex. Because many dendritic arbors were incomplete, there may have been a tendency to underestimate the width of arbors due to truncation or absence of dendrites. This underestimation may be more significant in the cell types with wider dendritic arbors, which tended more frequently to be incomplete. However, the analysis suggests that arbor widths vary by a factor of 6.6 between the various types of neurons receiving geniculate inputs. Thalamic Afferent Conduction Velocities Thalamic afferents in turtle visual cortex have a conduction velocity of 0.18 m/sec measured using the latency of electrically evoked field potentials during suppressed synaptic transmission. This value can be compared to results obtained using voltage sensitive dyes and multiple recording electrodes in the turtle visual cortex preparation. Senseman (1999) found that visually evoked waves of excitation propagate at speeds of approximately 0.15 m/sec. Prechtl et al. (1997) reported visually evoked, dominant spectral components that propagate along the trajectory of the geniculocortical afferents with velocities between 0.05 and 0.09 m/sec. The relationship between the rate at which a wave of activity propagates in the cortex and the conduction velocity of axons in the cortex is not entirely clear. While our results were collected during synaptic suppression, thereby eliminating regenerative intracortical events, the conduction velocities we report are comparable to those reported in the two other studies in which synapses were not blocked. We did not see a significant change in the latency of evoked propagating waves in the cortex on application of the altered



bath solution, which suggests that the geniculocortical volley leads intracortical waves across the cortex. Light microscopic preparations (Hall and Ebner, 1970; Heller and Ulinski, 1987; Mulligan and Ulinski, 1990) indicate that geniculocortical axons are thin and unmyelinated. A large literature deals with attempts to relate axonal conduction velocity to axon diameter (e.g., Blair and Erlanger, 1933; Pumphrey and Young, 1938; Gasser and Grundfest, 1939; Rosenbleuth et al., 1948; Rushton, 1951; Hodgkin, 1954; Stein and Pearson, 1971). A general conclusion is that unmyelinated axons obey a velocity-to-diameter relationship (Gasser, 1955; Paintal, 1966, 1967) that is closer to linear than the square-root behavior suggested by the Hodgkin wave equation (Hodgkin, 1954). In addition, varicose axons with shapes that deviate significantly from uniform cylinders conduct at rates slower than would be predicted by their smallest diameters (Ellias and Stevens, 1980; Ellias et al., 1985; Greenberg et al., 1990; Manor et al., 1991). Thus, a conduction velocity of 0.18 m/sec for varicose, unmyelinated axons less than 2 µm in diameter at room temperature is consistent with the available body of literature relating conduction velocity to axon diameter. This value is significantly slower than typical textbook values for peripheral nerve conduction velocities. Bullfrog sciatic nerve impulses have conduction velocity components ranging from 13.6 to 47.3 m/sec (Erlanger et al., 1924). Mammalian peripheral nerve fiber conduction velocities range between 0.5 and 120 m/sec (see review in Boyd and Davey, 1968). However, conduction velocities for axons in the central nervous system tend to be slower than those of peripheral nerves. Axons in the brain stem of the barn owl have velocities of 4.3 m/sec (Carr and Konishi, 1988), and unmyelinated parallel fibers in the cerebellum have an average conduction velocity of 0.3 m/sec (Eccles et al., 1966). Guinea pig hippocampal axons range from 0.2 to 1.5 m/sec (Grinvald et al., 1982; Knowles et al., 1987). Rat neocortical pyramidal cell collaterals and corticofugal axons conduct between 0.12 and 17 m/sec (Lohmann and Rorig, 1994; Babalian et al., 1993), while the terminal axons of inhibitory interneurons in neocortex conduct at speeds between 0.06 and 0.2 m/sec (Salin and Prince, 1996). The conduction velocities reported here for intracortical geniculocortical arbors are similar to those recorded from intracortical arbors in mammals. Heller and Ulinski (1987) noted that thalamocortical axons include large caliber fibers and small caliber
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fibers with “dust-like” distributions of synaptic terminals. They did not measure axon diameters, but reexamination of the material indicates the presence of axons with diameters between 0.5 to 2.0 µm and profiles too small to measure accurately with the light microscope. A careful inspection of images and scale bars from Smith et al. (1980) reveals axonal profiles below 0.1 µm within the visual cortex. This range of axonal diameters raises the possibility of two or more groups of geniculocortical axons with a range of conduction velocities. The method used in this article to calculate conduction velocity uses the latency of field potentials in extracellular records, but the long tails on the recordings are suggestive of a dispersion among axons with different conduction velocities. This latency is presumably a result of the action of the fastest group of axons. A rough estimate of the conduction velocity expected for small fibers can be obtained using an expression derived from the Hodgkin wave equation for action potentials propagating in unmyelinated axons (Hodgkin, 1954; Johnston and Wu, 1995): 2 = [K · diam/2 · Ri · Cm ]1/2 ,



(1)



where 2 is the conduction velocity, K is a parameter that must be experimentally determined in the preparation, Ri is the specific internal cytoplasmic resistance of the axon, and Cm is the specific membrane capacitance. If we assume that the measured conduction velocity of 0.18 m/sec corresponds to the largest visible axons with a diameter of 2 µm, Eq. (1) suggests that 0.5 µm-thick fibers should conduct at about 0.09 m/sec. Profiles as small as 0.1 µm would have a conduction velocity in the neighborhood of 0.04 to 0.05 m/sec. This analysis does not consider the experimental deviation from the square root law in very small unmyelinated axons or the effect of varicose architecture on conduction velocity, both of which would result in a significantly lower value. These values are consistent with the propagation speed of spectral components reported by Prechtl et al. (1997). Temporal Dispersion Windows Measurements of the conduction velocities of the terminal arbors of thalamic afferents and the dimensions of their target neurons permit estimates of the amount of time required for an action potential to propagate through a terminal arbor (the temporal dispersion windows) of individual cortical neurons. Geniculocortical
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axon terminals in the turtle visual cortex form relatively straight, unbranched axons that extend from the lateral edge to the medial edge of the dorsal area, a distance of 1 to 2 mm. They possess varicosities associated with en passant synapses with a mean intervaricosity distance of 16 µm (Mulligan and Ulinski, 1990). It would take an action potential about 11 msec to travel across the visual cortex at the measured velocity of 0.18 m/sec. It would take 50 msec or more for action potentials to travel across the cortex on narrower afferents with conduction velocities of 0.04 m/sec or slower. Activation of two successive varicosities on an afferent would occur over intervals of 88 to 400 µsec, depending on the conduction velocity. Assuming that the conduction velocities of 0.12 to 0.55 m/sec and 0.06 to 0.2 m/sec measured by Salin and Prince (1996) for intracortical collaterals of pyramidal cells and inhibitory interneurons, respectively, also apply to the terminal arbors of thalamic fibers, propagation of action potentials along terminal arbors would take from 0.9 to 8 msec in specific afferents (whose branches often extend on the order of 500 µm; Ferster and LeVay, 1978; Humphrey et al., 1985) and 3.6 to 32 msec in nonspecific afferents (which often reach 2 mm or more in length; Ferster and LeVay, 1978). The amount of time required for an action potential to traverse the terminal arbor of a thalamic afferent, thus, appears to range between 1 msec and tens of msec in both turtles and mammals. Conclusions Action potential volleys in the terminal arbors of thalamic afferents become temporally dispersed and reintegrated by the geniculocortical circuitry. The timing of action potential generation can, consequently, be different in different types of cortical cells. Cells with wide dendritic arbors will integrate geniculocortical excitation over longer time windows than cells with narrow dendritic arbors. Cell types with fewer thalamocortical synapses and wider dendritic arbors (such as spiny cells) should approach spike threshold more slowly than cells with relatively narrow dendritic arbors and more thalamocortical synapses (such as smooth cells), and would be expected to reach spike threshold more slowly in response to a geniculate volley than smooth cells. This is consistent with the results of Mancilla et al. (1998), showing that fast-spiking (smooth) cells spike approximately 200 msec before regular-spiking (spiny) cells in response to stimulation of the intact retina with diffuse light flashes. Intracellular analysis
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