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Postsynaptic Transporters

Gower Street have been proposed to prolong the EPSC by preventing London, WC1E 6BT glutamate binding to, and being buffered by, transport-United Kingdom ers, rather than by preventing rapid glutamate removal (Wadiche et al., 1995a; Diamond and Jahr, 1997). However, indirect evidence has been used to support the Summary opposing view (Mennerick et al., 1999), and a recent study of EAAT2 in membrane patches from a heterolo-Glutamate transporters are believed to remove glutagous expression system showed that fast glutamate mate from the synaptic cleft only slowly because they application generates a rapid inward current that may cycle slowly. However, we show that when glutamate reflect fast translocation of glutamate (Otis and Kavabinds to postsynaptic transporters at the cerebellar naugh, 2000). The role of glutamate transporters at synclimbing fiber synapse, it evokes a conformation apses is therefore still controversial. change and inward current that reflect glutamate re-Otis, Kavanaugh, and Jahr (1997) showed that synapmoval from the synaptic cleft within a few millisectic activation of postsynaptic (probably EAAT4) transonds, a time scale much faster than the overall cycle porters at the cerebellar climbing fiber synapse could time. Contrary to present models, glutamate removal be monitored by detecting current flowing through the does not require binding of an extracellular proton, anion channel associated with the transporter (Wadiche and the time course of transporter anion conductance et al., 1995b). In order to detect this current, anions that activation differs from that of glutamate removal. The are unusually permeant through the transporter's anion charge movement associated with glutamate removal channel had to be present, and these anions were asis consistent with the majority of synaptically released sumed not to affect the rate of glutamate transport. The glutamate being removed from the synaptic cleft by transporter current had a rise time that was 7-fold slower postsynaptic transporters. than that of the current through postsynaptic AMPA receptors. A transport cycle was proposed in which the

 [START_REF] Amara | An excitatory amino-acid transporter with properties of a ligand-gated chloride channel[END_REF], 1996;Otis et al., 1996;[START_REF] Overstreet | Glutamate transporters contribute to the time course of synaptic transmission in cerebellar granule cells[END_REF]. In release at the climbing fiber synapse, which occurs even addition, uptake determines the duration of the NMDA in the absence of permeant anions. Second, we show component of the EPSC at the cerebellar mossy fiber that both this current and anion channel opening do not synapse and at cultured hippocampal synapses (Menrequire proton binding. Finally, we show that the current nerick and Zorumski, 1994; [START_REF] Overstreet | Glutamate transporters contribute to the time course of synaptic transmission in cerebellar granule cells[END_REF].

represents a rapid and essentially irreversible removal Exactly how transporter block modulates the synaptic of glutamate from the synaptic cleft, most likely by transcurrent duration is controversial. The simplest idea is port across the membrane. The presence of permeant that transport blockers slow the removal of synaptically anions slows the removal of glutamate. These data released glutamate, allowing glutamate to bind to recepprompt a new kinetic scheme for the transporter in which tors at later times and prolong the EPSC. However, the cycle time of glutamate transporters is at least 10 times initial glutamate removal is fast and proton transport longer than a typical non-NMDA EPSC (70 ms, comoccurs when glutamate is not bound to the transporter. pared with 1-7 ms, at 25ЊC: Wadiche et al., 1995a; Otis Moreover, we estimate that most of the synaptically released glutamate is removed from the synaptic cleft by postsynaptic glutamate transporters at the climbing in 15 cells with internal gluconate). The current decay reduce or slow the nonanion component. Experiments demonstrating this more directly are described in the time constants from single exponential fits were 8.9 Ϯ 0.3 ms (gluconate, 70 cells) or 13.7 Ϯ 0.9 ms (Cl Ϫ , 11 following section on temperature dependence. The properties of the nonanion component (with glu-cells) for the nonanion component, and 80.6 Ϯ 4.4 ms (ClO 4 Ϫ , 26 cells) or 62.2 Ϯ 6.5 ms (NO 3 Ϫ , 6 cells) for the conate) were similar whether the main intracellular cation was Cs ϩ or K ϩ , consistent with the fact that Cs ϩ can anion component. The decay of the nonanion component sometimes displayed a small slow component, but substitute for K ϩ on the counter-transport site of GLAST glutamate transporters (Barbour et al., 1991). In inter-this was too small to be fitted reliably. Thus, although the kinetics of both the nonanion and the anion components leaved recordings (a cell recorded with internal Cs ϩ , followed by one recorded with internal K ϩ ), the mean vary slightly depending on the particular anion present, there is a large difference between the kinetics of the amplitude of the current at Ϫ69 mV was 25. , 1991). The lack of a suppressive effect on the nonanion current of nonanion component should therefore significantly contribute to the current in the presence of permeant anions replacing K ϩ by Cs ϩ may be due to a different cation selectivity to the counter-transport site for EAAT4 or where a fast nonanion and a slow anion component are expected to be resolved. However, the charge transfer else to the fact that the nonanion current reflects initial translocation of glutamate into the cell (see below) i.e., at early times was less in the intracellular presence of permeant anions (ClO 4 Ϫ , 14.3 Ϯ 1.9 fC in the first 1ms on the limb of the carrier cycle not involving K ϩ /Cs ϩ (see Figure 7). after the current onset in 15 cells) than in their absence (gluconate, 20.5 Ϯ 1.8 fC, 32 cells, p ϭ 0.04, compared

The nonanion component seen with internal gluconate or Cl Ϫ increased with hyperpolarization down to Ϫ130 with ClO 4 Ϫ ). This suggests that permeant anions may If the inward current seen with internal gluconate reflected a charge movement associated with a conforma-patches, while that of the anion component (with KClO 4 ) was 13.9 Ϯ 2.3 pA in 9 patches. At pH 8.4, the amplitude tion change caused by reversible binding of glutamate to the transporter, we would expect to see a corresponding of the nonanion component was unaffected (98.4% Ϯ 8.2% of that at pH 7.4 in 7 patches), as it was for the outward current transient when glutamate was removed. This was not observed. The charge movement appeared synaptically evoked nonanion current (Figure 5), again suggesting that protons are not transported at the same to be irreversible under our conditions because integrating the current for 100 ms from the time when the inward time as glutamate.

In response to long glutamate applications (100 ms), current had decayed to 5% of its maximum never revealed a net outward current. Thus, the charge move-the transporter anion currents (with internal NO 3 Ϫ ) decayed very slowly during the whole application, whereas ment is not reversed when glutamate is washed away, and the transporter removes glutamate from the extra-the nonanion current (with gluconate) decayed to a plateau after an initial phase similar to the current elicited cellular space for at least 100 ms.

To determine how long, after binding glutamate, it by brief glutamate application (data not shown).

The nonanion current activated in patches by a 1ms takes transporters to become available for further binding, we applied paired pulses of glutamate separated pulse of glutamate rises and decays about 3 times faster data are also relevant to synapses that may, unlike the glutamate with an effective time constant of 0.8 ms at climbing fiber synapse, lack a high density of postsynap-25ЊC (Figure 6), giving a predicted effective time contic transporters: glutamate that diffuses out of the synstant of 0.5 ms at 37ЊC (using the Q 10 of 1.44 from the aptic cleft is probably rapidly transported into glial cells experiment of Figure 4). This is comparable to the time rather than just being buffered by glial transporters needed for diffusion of glutamate away from the synap- [START_REF] Mennerick | Substrate associated with excitatory amino acid transport. Neuron 15, turnover by transporters curtails synaptic glutamate transients[END_REF] 7B). Furthermore, overall cycle time is 60 ms at 25ЊC (Figure 6G 

  Introduction 3 cotransported Na ϩ are initially bound at external sites (Otis and Jahr, 1998). When glutamate binds to the trans-Glutamate uptake from the extracellular space is powporter, it then allows a proton to bind. From this state, ered by the cotransport of 3 Na ϩ and 1 H ϩ , and the the transporter can either open its anion conductance, countertransport of 1 K ϩ (Zerangue and Kavanaugh, or translocate 3 Na ϩ , 1 H ϩ , and the glutamate Ϫ to the 1996a; Levy et al., 1998). The role of uptake in determininner face of the membrane (see Figure 7A). The rateing the duration of excitatory postsynaptic currents varlimiting step in the cycle was proposed to be the dissociies between different synapses. Blocking uptake has ation of glutamate at the inner face of the membrane. little effect on the duration of the non-NMDA component By contrast, Wadiche and Kavanaugh (1998) proposed of the EPSC evoked in hippocampal pyramidal cells by that the rate-limiting step was translocation across the low frequency stimulation (Hestrin et al., 1990; Sarantis membrane. Otis et al. (1997) estimated that 22% of synet al., 1993) but prolongs the non-NMDA EPSC at the aptically released glutamate was removed by postsynauditory nerve synapse in the nucleus magnocellularis, aptic glutamate transporters. at the cerebellar parallel and climbing fiber synapses, Here we report data that contradict many of these and during repetitive stimulation of the cerebellar mossy ideas. First, we demonstrate the presence of a rapid fiber synapse (Barbour et al., 1994; Takahashi et al., postsynaptic transporter current evoked by glutamate

Figure

  Figure 1. Different Current Components at the Climbing Fiber Synapse (A) Synaptic current evoked by extracellular stimulation and recorded with ClO 4 Ϫ as the main pipette anion. Solid trace in normal external solution is dominated by the postsynaptic AMPA receptor current. Dashed trace is with AMPA receptors blocked with NBQX. (B) Expanded version of dashed trace in (A) showing the transporter anion current (produced as ClO 4 Ϫ leaves the cell through the transporter anion conductance). Note different time scale to (A). Inset shows the rising phase on same time scale as (A). (C and D) Transporter nonanion current recorded with gluconate (C) or Cl Ϫ (D) as the main internal anion. (A) and (B) were at Ϫ83 mV, (C) at Ϫ79 mV, and (D) at Ϫ63 mV all in bicuculline (20 M).
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  Figure 3. Voltage Dependence of the Synaptically Evoked Transporter Current Components and AMPA Current (A) Left: climbing fiber (CF)-evoked current (in 1 M NBQX to reduce the AMPA component and improve voltage-clamp quality) comprising the AMPA receptor current plus the transporter current (which displaces the net reversal potential positive by 1 mV). Right: nonanion component of the transporter current recorded in the same cell as the left traces after raising the NBQX concentration to 25 M. Electrode contained gluconate; voltages were in 20 mV steps from -69 mV to ϩ31 mV. (B) Average I-V relation of the peak transporter current recorded as in (A) (2-7 cells per point). (C) Synaptically evoked transporter currents in 25 M NBQX with internal gluconate and external ClO 4 Ϫ . At negative potentials a fast inward current is seen (the nonanion component). At positive potentials a slower outward current is seen reflecting ClO 4 Ϫ entry through the transporter anion channel. (D) Average I-V relation (4-6 cells per point) for the fast inward nonanion component (circles, measured at the peak of the current) and slower outward anion component (triangles, measured at a time after the fast inward current at negative potentials had gone back to baseline) in (C), normalized to the nonanion current at -69 mV. All data were recorded in bicuculline (20 M).
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  Figure 4. Temperature and Anion Dependence of the Synaptically Evoked Transporter Current Components (A) Nonanion component recorded with internal gluconate at 25.9ЊC and 36.6ЊC. (B) Peak amplitude of the response in (A) as a function of temperature during temperature ramps from 25.9ЊC to 36.6ЊC and back again. Dashed line corresponds to a Q 10 of 3.07 (a 3.07-fold increase per 10ЊC rise). (C) Anion component recorded with internal ClO 4 Ϫ , at 23.6ЊC and 33.9ЊC. (D) Amplitude of the response in (C) as a function of temperature. Dashed line shows a Q 10 of 0.93. (E) Synaptically evoked currents in one cell at 32ЊC, recorded first with an electrode containing gluconate (gluc Ϫ ). After this was removed, a ClO 4 Ϫ -containing electrode was used to clamp the cell. The dashed trace was just after going whole cell with this electrode; the dark trace was after 20 min when the early transient, but not the late anion, current had been suppressed. (A) and (B) at Ϫ69 mV, (C)-(E) at Ϫ63 mV, all in bicuculline (20 M) and NBQX (25 M).

  Figure 5. pH Dependence of the Synaptically Evoked Transporter
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  Figure 7. Transporter Kinetic Schemes (A) Scheme proposed by Otis and Jahr (1997). The rate-limiting step in the cycle was assumed to be unbinding of glutamate at the inner membrane surface. (B) Modification of (A), based on data in this paper and in Billups et al.(1996), in which translocation of an H ϩ occurs in the K ϩ -transporting limb of the transporter cycle, where glutamate is not bound to the transporter. T, transporter; T*, transporter with anion conductance activated; G, glutamate; N, Na ϩ ; K, K ϩ ; and H, H ϩ . Subscripts "o" and "i" mean outer and inner membrane surface. Note that in (B), external H ϩ binds to the transporter when it already has bound intracellular K ϩ , and this H ϩ unbinds to the cytoplasm before the transporter loses the K ϩ to the external solution. There is as yet no evidence available on the order of K ϩ and H ϩ unbinding, nor on whether any Na ϩ unbinds before glutamate at the inner membrane surface.

  ), this suggests that translocation of glutamate and sodium is since alkaline pH slows steady-state transporter cycling (Figure 5C; Fairman et al., 1998), lowering [H ϩ ] o should not the rate-limiting step in the cycle. Since the maximum transport rate is thought to be amino acid depen-slow the H ϩ transport step that occurs after rapid glutamate translocation and thus should prolong the recovery dent (e.g., D-aspartate generates a smaller uptake current than glutamate: Barbour et al., 1991), Otis and Jahr of transporters from paired-pulse depression.Third, where in the transport cycle is the anion con-(1998) postulated that the rate-limiting step was unbinding of the transported amino acid (see scheme in ductance activated? The presence of a resting anion conductance that is suppressed by nontransported sub-Figure7A). This might be reconciled with our data if the preceding dissociation of one of the transported Na ϩ strates (Bergles and Jahr, 1997; Levy et al., 1998; Otis and Jahr, 1998) supports the idea of an anion conducting (Figure 7A) was the essentially irreversible step in the generation of the nonanion current that we observe. state linked to the state with 3 Na ϩ bound in Figure 7. The anion conductance is increased when glutamate However, arguing against the idea that the rate-limiting step must involve the transported amino acid is the binds (Wadiche et al., 1995b), implying the presence of another state that conducts more anions. Otis and Jahr suggestion that exchange of amino acids on glutamate transporters (going through all of the steps which involve (1998) postulated that this should be linked to the state at the outer face of the membrane that has all ingoing amino acid) is much faster than net transport (Erecinska and Nelson, 1987), which would imply that the rate-substrates bound (Figure 7A), while Billups et al. (1996) postulated that it was linked to the corresponding state limiting step is on the part of the transport cycle without amino acid bound (the K ϩ transporting limb of the carrier at the inner face of the membrane. Our data show that in Purkinje cells, the anion conductance is activated and cycle; Figure7). There is no obvious way to reconcile these seemingly contradictory data. One possibility is decays more slowly than the inward current associated with translocation. The simplest explanation for these that for some substrates the rate-limiting step is indeed with the substrate attached to the transporter, while for observations is that both currents are linked to the GN 3 To state in Figure7B, the anion current arising from other substrates (like glutamate) the steps with substrate attached are faster and the rate-limiting step is the GN 3 To* state as already proposed by Otis and Jahr (1998), and the translocation current from the transition without substrate bound. An alternative possibility is that the ionic stoichiometry differs for different trans-between GN 3 To and GN 3 Ti. The translocation current is expected to be proportional to the transition rate be-ported amino acids, with the smaller uptake current for (say) D-aspartate reflecting less cotransported Na ϩ tween those two states, and it will last as long as transporters occupy the GN 3 To state. The slow rise and decay rather than a slower translocation step. Second, where in the reaction cycle is H ϩ transported? kinetics of the anion current could reflect slow rate constants for entering and leaving the GN 3 To* state (by Otis and Jahr (1998) postulated that the H ϩ binds immediately after glutamate. This is consistent with the work contrast Otis and Jahr [1998] postulated submillisecond rate constants here). If the rate constant for entering of Zerangue and Kavanaugh (1996b), who proposed that (for EAAT3) the H ϩ could be provided as part of a trans-GN 3 To* is much faster than for leaving it, as suggested by the activation and decay rates for the anion conduc-ported amino acid substrate (neutral cysteine) rather than as an independently binding species. The evidence tance, then the anion conductance will continue to increase as long as some transporters still occupy the for this was that extracellular alkalinization to pH 8.5, which increases 4.5-fold the fraction of cysteine in its GN 3 To state, and the kinetics of the two components are expected to be different, as the rise of the anion anionic form and should increase the apparent affinity of the transporter 4.5-fold if neutral cysteine cannot be current will last the full duration of the translocation current. As shown in Figure 6B (inset), this is very close transported, in fact led to only a 20% increase of affinity. However, for GLAST transporters (EAAT1), alkalinization to the situation observed in patches. (By contrast, Otis and Kavanaugh [2000] reported very similar kinetics for to pH 9 leads to a 3.5-fold decrease of affinity for glutamate (Billups et al., 1994), suggesting that this decrease the two current components generated by EAAT2 transporters, which might be explained if the open time of of affinity might combine with the increase of anionic cysteine concentration at alkaline pH to produce little the anion conducting state is shorter for EAAT2 and some anion channels start closing while some are still apparent overall change of affinity. Our data suggest that H ϩ is not bound to the transporter at the same opening.) For the scheme of Figure 7B, with a slowly decaying anion conductance, exit from the anion con-time as glutamate, since we find no effect of a 10-fold lowering of external [H ϩ ] concentration on either the ducting state will generate a delayed translocation current, which might explain the slow component seen in nonanion or the anion component of the synaptically evoked transporter current (Figure 5), nor on the non-the patch data. It should be noted, finally, that the reaction scheme in Figure 7B is not unique: e.g., the anion anion current recorded in patches, while the Otis and Jahr (1998) model predicts an easily detected reduction current could arise from a state linked to the GN 3 Ti state. In summary, although further work is needed to quan-and onset slowing for both components. Similarly, Bill-Barbour, B., Keller, B.U., Llano, I., and Marty, A. (1994). Prolonged presence of glutamate during excitatory synaptic transmission to Outside-Out Patches cerebellar Purkinje cells. Neuron 12, 1331-1343. Nucleated outside-out patches (Sather et al., 1992) were pulled from the somata of Purkinje cells in slices prepared as described above. Bergles, D.E., and Jahr, C.E. (1997). Synaptic activation of glutamate Nucleated rather than simple outside-out patches were employed transporters in hippocampal astrocytes. Neuron 19, 1297-1308. to increase the transporter current amplitude because, unlike Otis Bergles, D.E., Dzubay, J.A., and Jahr, C.E. (1997). Glutamate transand Jahr (1998), we could not detect a transporter current in simple porter currents in Bergmann glial cells follow the time course of outside-out patches; the reason for this difference is uncertain. extrasynaptic glutamate. Proc. Natl. Acad. Sci. USA 94, 14821-Patches were positioned in front of a microperfusion system produc-14825. ing 2 or 4 continuously flowing parallel solution streams. This was Billups, B., and Attwell, D. (1996). Modulation of non-vesicular glutamade from theta or 4-barrel tubing, pulled similarly to patch pipettes mate release by pH. Nature 379, 171-174. and then cut with a diamond pen so that each barrel had an internal Billups, B., Barbour, B., and Attwell, D. (1994). Effects of external diameter of 80-100 m. The multibarrel array was attached to a pH changes on the glutamate uptake current in glial cells isolated piezo-electric translator, movement of which could change the solufrom the tiger salamander retina. J. Physiol. 476, 67P. tion applied to the patch with a 10%-90% rise time Ͻ0.3 ms (assessed from the open-electrode response to superfusion with soluparallel fibre stimulation in rat cerebellar slices. J. Electrodes Physiol. 502, 335-350. Purkinje cells were whole-cell clamped using electrodes pulled from Clements, D.J., Lester, R.A., Tong, G., Jahr, C.E., and Westbrook, thin-walled borosilicate tubing with a resistance in external solution G.L. (1992). The time course of glutamate in the synaptic cleft. Sciof 1-2 M⍀. Electrodes were coated with dental wax to reduce their ence 258, 1498-1501. capacitance. The series resistance was typically 10 M⍀, and compensation was used to reduce this to around 2 M⍀. For nucleated Dehnes, Y., Chaudhry, F.A., Ullensvang, K., Lehre, K.P., Storm-Mathisen, J., and Danbolt, N.C. (1998). The glutamate transporter EAAT4 outside-out patches, pipettes with a resistance of 5-7 M⍀ in external solution were used. The climbing fiber input was stimulated at 0.1 Hz in rat cerebellar Purkinje cells: a glutamate-gated chloride channel concentrated near the synapse in parts of the dendritic membrane (20-100 s duration) with a patch electrode (filled with extracellular solution) placed in the granule cell layer. facing astroglia. J. Neurosci. 18, 3606-3619.

  

  

  

6 Ϯ 4.8 pA in 6 cells studied with Cs ϩ and 19.5 Ϯ 5.8 pA in 6 cells two components. The amplitude of the two current components at -63 studied with K ϩ (p ϭ 0.44, two-tailed t test), and the decay time constants were 10.0 Ϯ 0.9 ms and 12.3 Ϯ mV was 27.0 Ϯ 4.6 pA (gluconate, 58 cells) or 34.7 Ϯ 7.8 pA (Cl Ϫ , 8 cells) for the nonanion component, as 0.7 ms, respectively (p ϭ 0.07). For GLAST transporters, internal Cs ϩ supports only 66% of the steady-state up- compared with 55.4 Ϯ 6.5 pA (ClO 4 Ϫ , 15 cells) or 65.6 Ϯ 1.6 pA (NO 3 Ϫ , 6 cells) for the anion component. The take current supported by K ϩ (Barbour et al.

  

assumes a pK a of 7.8 for H ϩ binding, predict a 61% decrease in amplitude and a 3.3-fold slowing of the 10%-90% rise time of the synaptically evoked anion current at pH 8.4 (and similar changes are predicted for a variant of the Otis and Jahr model with the order of proton and glutamate binding reversed). These data imply, first, that the synaptically evoked inward current does not reflect H ϩ binding, and second, that it is unlikely that protons are translocated at the same time as gluta- mate (see Discussion). The Nonanion Current Is Not Generated by a Proton Conductance In addition to generating a transport current and an anion current, EAAT4 has also been reported to show a glutamate-gated H ϩ conductance after exposure to arachidonic acid (Fairman et al., 1998; Tzingounis et al., 1998). Although we did not apply arachidonic acid, it could conceivably be released by a rise of [Ca 2ϩ ] i oc- curring during slicing of the cerebellum. In our normal conditions (pH o

  

ϭ 7.4, pH i ϭ 7.3), the Nernst potential for H ϩ is Ϫ6 mV. Thus, a glutamate-gated H ϩ

. Previous models of glutamate tic cleft and faster than the synaptic current decay. At clearance from the synaptic cleft (Barbour and Ha ¨usser, the climbing fiber synapse, our measurements of the 1997; Rusakov and Kullmann, 1998) have assumed a charge movement associated with postsynaptic uptake rate constant for glutamate translocation based on the suggest that Ͼ56% of synaptically released glutamate is overall carrier cycling rate (14-20/s), which our data removed in this way. The glutamate that is not removed show is 50 times slower than the actual rate of glutamate postsynaptically apparently remains in the synaptic cleft translocation. This suggests that at early times after long enough to induce AMPA desensitization, since the glutamate release, transporters will reduce spillover of unitary and climbing fiber EPSCs decay with time con- glutamate from its release site to adjacent synapses stants similar to that of AMPA receptor desensitization better than is predicted by these models. In addition, (Llano et al., 1991; Barbour et al., 1994; Raman et al., since binding to transporters is effectively irreversible 1994; Otis et al., 1997). This glutamate is presumably (for 80% of the bound glutamate at least; Figure 6G), removed by glia: direct recording of climbing fiber- the prediction of these models of a slowing of diffusion evoked transporter currents in Bergmann glia (Bergles by reversible binding to transporters and a late decay phase of the cleft glutamate concentration due to gluta- et al., 1997) shows that some glutamate escapes the mate unbinding from transporters may need to be reex- ups et al. (1996) found that in the absence of internal and external K ϩ pH changes had no effect on anion amined. Our data raise several questions about the reaction channel opening, although they had a large effect on the steady state transport rate in the presence of K ϩ . cycle of glutamate transporters. First, which is the rate- limiting step in the carrier cycle? Our patch data suggest These data suggest, as already postulated by Billups et al. (1996), that H ϩ cotransport (or OH Ϫ counter-trans- that glutamate, once bound, is removed from the synap- tic cleft with a time constant of 0.8 ms at 25ЊC. If the port) occurs on the part of the carrier cycle which does not have glutamate bound (Figure