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ABSTRACT: Dopamine is an important neurotransmitter that exhibits numerous functions in the healthy, injured, and diseased
brain. Fast scan cyclic voltammetry paired with electrical stimulation of dopamine axons is a popular and powerful method for
investigating the dynamics of dopamine in the extracellular space. Evidence now suggests that the heterogeneity of electrically
evoked dopamine responses reflects the inherent kinetic diversity of dopamine systems, which might contribute to their diversity
of physiological function. Dopamine measurements by fast scan cyclic voltammetry are affected by the adsorption of dopamine to
carbon fiber electrodes. The temporal distortion caused by dopamine adsorption is correctable by a straightforward mathematical
procedure. The corrected responses exhibit excellent agreement with a dopamine kinetic model cast to provide a generic
description of restricted diffusion, short-term plasticity of dopamine release, and first-order dopamine clearance. The new DA
kinetic model brings to light the rich kinetic information content of electrically evoked dopamine responses recorded via fast scan

cyclic voltammetry in the rat dorsal striatum.
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D opamine (DA) is an important neurotransmitter in the
central nervous system." It contributes to many aspects of
healthy brain function®™* and plays a central role in multiple
neurological>™® and psychiatric’™'! disorders. Fast-scan cyclic
voltammetry (FSCV), a popular and powerful method"*™'° for
monitoring DA in terminal fields such as the dorsal striatum
(DS) and nucleus accumbens (NA), is often paired with
electrical stimulation of DA axons in the medial forebrain
bundle. Electrical stimulation evokes DA responses that are
heterogeneous in amplitude and temporal profile.'””"
Although often attributed to distortions of the FSCV
signal,”®~*? recent evidence suggests that an inherent diversity
of DA kinetics contributes to the heterogeneity.”> >’ Such
kinetic diversity could well be a contributing factor in DA’s
functional diversity.

Electrically evoked DA responses are suitable targets for
kinetic modeling,””*° in part because the timing of the stimulus
pulses is known. A kinetic model formulated to describe
restricted diffusion reproduces many features of the evoked DA
responses produced in the DS.”” However, the model was not
able to account for a feature known as “hang-up”, which is the
tendency for the DA signal to remain elevated above its
baseline after the stimulus ends.”

Herein we confirm that hang-up is caused by adsorption of
DA to the surface of FSCV electrodes. We introduce a novel
but simple correction procedure that mathematically removes
the hang-up feature from calibration and in vivo DA responses.
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The hang-up correction brings the evoked responses and the
DA kinetic model into essentially perfect agreement, permitting
a full explanation for the kinetic diversity of evoked DA
responses from the DS.

B RESULTS AND DISCUSSION

DA Adsorption Causes the Hang-Up. The DS produces
five statistically distinct evoked DA responses, four fast types
and one slow type.”® All the responses exhibit hang-up, which
refers to the tendency of the DA signal to remain elevated
above the prestimulus baseline after the stimulus ends.*" For
the purposes of DA kinetic modeling, it is important to know
the source of the hang-up feature. We confirm here that the
hang-up is caused by the adsorption of DA to FSCV electrodes.

FSCV calibration is routinely performed in a flow system that
uses a loop injector to deliver a bolus of DA solution to the
FSCV electrode. Neither the sensitivity nor the response time
of the FSCV electrode is affected by the fluid flow.>” When the
DA bolus arrives the FSCV signal rapidly rises to a new quasi-
steady state with a continued but gentle upward slope (Figure
1, blue line). When the DA bolus ends the FSCV signal rapidly
falls but not to the baseline: instead, it hangs-up above the
baseline and gently slopes downward. The hang-up is small and
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Figure 1. (blue line) In vitro FSCV calibration response to a bolus of
20 uM DA (mean of n = 7 electrodes, SEMs omitted for clarity).
(green line) Hang-up component calculated with eq 1. (red line)
Corrected calibration response obtained by subtracting the green line
from the blue line.

may not always be readily distinguished from noise. However,
because the blue line in Figure 1 is the average of responses
from n = 7 individual electrodes in a large DA concentration
(20 uM), the hang-up is obvious.

To further characterize the hang-up, we exposed n = 7
electrodes to five consecutive 20 M DA boluses (Figure 2a).
The hang-up produces a stepwise increase of the signal in the
intervals between each bolus. However, the responses to the
individual boluses are superimposable (Figure 2b, the responses
are rezeroed to the signal just before the start of each bolus).
Additional hang-ups are reported in the Supporting Informa-
tion document (Figure S1).

The Hang-Up Correction. The persistence of the DA
signal after the bolus ends shows that DA remains adsorbed to
the electrode surface, as has been documented before.>>** The
adsorption process exhibits first-order kinetics:>>

dH

dt - konc koffFDA (1)
where H represents the hang-up component, k., is the rate
constant for adsorption, and k,; is the rate constant for
desorption. Ideally, C should be the concentration of DA in the
solution in close contact with the electrode surface. However,
since this concentration is not known independently, we used
instead the DA concentration measured by FSCV.

The hang-up component was generated by iteratively adding
(konCAt) and subtracting (koI paAt) small quantities to H (At
is the time step). A curve fitting procedure (see Methods) was
used to find the best fit of H to the measured hang-up. Finally,
the hang-up component was subtracted from the measured
response.

Figure 1 illustrates the hang-up correction procedure. The
blue line is the measured DA calibration response, the green
line is the hang-up component of best-fit to the data segment
beginning at t = 20 s and ending at ¢t = 25 s, and the red line is
the corrected response obtained by subtraction (red = blue —
green). The hang-up correction “squares-up” the response
during the DA bolus and “pulls” the response back to baseline
after the DA bolus ends.

We applied the hang-up correction in identical fashion to
evoked DA responses measured in vivo (Figure 3). The blue
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Figure 3. (a) Type 1 fast DS response (blue dots, from ref 28), the
hang-up component (green line), and the corrected response (red
dots). The solid black lines are the best-fit restricted diffusion models
of the in vivo responses, before and after the hang-up correction. The
Pearson’s correlation coefficient for fit to the corrected response is
0.9990.

symbols in Figure 3 show the type 1 fast response produced in
the DS (from Taylor et al.*®), the green line is the hang-up
component of best-fit to the data segment beginning at t = 8 s
and ending at ¢t = 10 s, and the red symbols show the corrected
response (red = blue — green). The hang-up correction only
slightly alters the ascending phase of the response and pulls the
descending phase back to the baseline.

To clarify the hang-up correction procedure, eq 1 is used
iteratively to generate a calculated hang-up component starting
at t = 0 s and running to the end of the measured response.
However, only the sum of squares of the residuals in the
specified time windows (i.e., 20 s < t < 25 s in Figure 1 and 8 s
<t < 10 s in Figure 3) is used to determine the best-fit (see
Curve Fitting in the Methods section). We should also mention
that the exposure of FSCV electrodes to brain tissue alters their
performance, probably via adhesion of proteins and other
biomolecules to the electrode surface. The hang-up correction
procedure does not involve any assumption that the electrode
behaves in the same way during calibration as during in vivo
measurements. This is because the correction is applied to each
response individually: by this approach, new parameter values
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Figure 2. (A) In vitro response to five consecutive DA boluses (20 M) (average response, n = 7, SEMs omitted for clarity). (B) Five consecutive

responses from panel a rezeroed and superimposed.
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and a new hang-up component are determined during
calibration and in vivo recording.

The effect of the hang-up correction is similar to that
reported in Figure 7 of Bath et al.**> who compared DA
responses recorded by FSCV at scan frequencies varying from
10 to 240 Hz: at 240 Hz there is very little time available for
DA adsorption to occur. Increasing the frequency to 240 Hz
had minimal effect on the ascending phase of responses
recorded in brain slices and in vivo and also “pulled” the
descending phase back to the baseline, in similar fashion to the
mathematical hang-up correction reported here (Figure 3).

The DA Kinetic Model. The DA kinetic model used in the
present study is a slight modification of the one introduced by
Walters et al.”’ and previously employed by Taylor et al,”®
which contains a generic description of restricted diffusion as
described by Nicholson and co-workers.>> > The model
divides the extracellular space into inner and outer compart-
ments and postulates that DA is released into the inner
compartment and subsequently transported to the outer
compartment, where it is detected by FSCV. The inner and
outer compartments are just constructs in the model: they do
not necessarily correspond to actual physical compartments in
the extracellular space. However, the transport step between
the inner and outer compartment effectively and conveniently
captures the concept of restricted diffusion. The model is
composed of two equations:

dDA, e
<~ =R ® — DA,k
a e 1 @)
d[DA DA. k
|: ]oc — T [DA]OCkU
dt - (3)

Equations 2 and 3 describe over time the amount (in moles) of
DA in the inner compartment, DA;, and the concentration of
DA in the outer compartment, [DA],, respectively. There are
four adjustable parameters; Rp represents the moles of DA
released per stimulus pulse, kg is a first order rate constant that
modifies DA release, kp is a first-order rate constant for
transport between the compartments, and ky is a first-order rate
constant for DA uptake. Curve fitting (see Methods) was used
to find the values of the adjustable parameters that produce the
best fit between the modeled and measured responses. There
are two fixed parameters; V. is the volume of the outer
compartment, which is set to 16 um® (see Walters et al),*” and f
is the frequency of the experimental stimulus.

The black lines in Figure 3 report the best fits of the DA
kinetic model (eqs 2 and 3) to the as-measured and hang-up
corrected type 1 responses (the sum of squares was evaluated
beginning at t = 0 s and ending at ¢ = 8 s). The model does not
reproduce the hang-up. However, the best fit to the hang-up
corrected response is essentially perfect (Pearson’s correlation
coefficient = 0.9990).

Figure 4 shows the best fits of the DA kinetic model (lines)
to the hang-up corrected versions of the five evoked response
types from the DS (symbols, data from ref 29; see Supporting
Information Figure S2 for the individual hang-up corrections).
All the fits are excellent (Pearson’s correlation coefficients
>0.99) although, as discussed below, there are noticeable
differences just after the stimulus begins.

Table 1 lists the values of the four adjustable parameters
producing the best fit to each hang-up corrected response type.
The parameters R, and ky represent the kinetics of DA release
and uptake, respectively. In contrast to the more conventional

1470

- Type 1
—_ * Type 2
% 10 - Type 3
~ - Type 4
- - Slow
< -
a 5 Model
—

04
STIMULUS 5 10
Time (s)

Figure 4. (symbols) Hang-up corrected versions of the five DS evoked
responses (raw data from Taylor et al.”®). (lines) Best fits of the DA
kinetic model consisting of eqs 2 and 3 of the text (Pearson’s
correlation coefficients all exceed 0.99).

Table 1. Parameters from Figure 4

R, (zmol) ky (s71) kr (s71) ke (s7)
type 1 345 1.29 1.29 —-0.24
type 2 5.87 2.02 0.96 0.01
type 3 6.75 3.79 1.86 024
type 4 2.96 333 1.45 -0.42
slow 0.895 2.52 1.22 —0.67

use of Michaelis—Menten kinetics,>® our model uses first-order
uptake kinetics because the descending phase of the evoked
responses exhibit purely first order behavior.”® The parameter
kr accounts for the mass transport of DA between the inner
and outer compartment (restricted diffusion).”” The parameter
kg is a “short-term plasticity factor” that modifies the rate of DA
release: positive values reproduce the short-term depression of
fast responses and negative values reproduce the short-term
facilitation of hybrid and slow responses.

Hang-Up Correction via Deconvolution is Mathemati-
cally Incorrect. Figures 1-3 illustrate that the hang-up
correction is an important step in the kinetic modeling of
evoked DA responses. Prior attempts to carry out hang-up
corrections via deconvolution®”***” have encountered decon-
volution artifacts.

Figure S shows the type 1 response before (red line) and
after (blue line) deconvolution using the exponential response

~ Type 1data
— Deconvolution t = 1.5, A= 0.1/t

Deconvolution « =10, A = 1/t
-- First derivative of data
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Figure S. Deconvolution of the type 1 fast DS response (red line, from
ref 28) with a time constant of 1.5 s (blue line) and 10 s (green line):
the response function is g(t) = A, e™" (from ref 37). The numerical
derivative of the response is included for comparison (dashed line).

fanction, g(t) = A, e™" and time constant, 7 = 1.5 s, from the
recent literature.”” The deconvolution does not remove the
hang-up but rather dramatically alters both the ascending and
descending phases of the response and accentuates the noise.
Increasing 7 to 10 s (Figure S, green line) successfully
eliminates the hang up but also converts the ascending phase of
the response into a plateau and causes the descending phase to
make a negative excursion below the baseline. These rather
dramatic effects on the features of the response must be
regarded as deconvolution artifacts.>®*’
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The deconvolution artifacts illustrated in Figure S have a
sound mathematical explanation. When the time constant is
large, the deconvolution result resembles the derivative of the
measured response (Figure S, dashed line). To understand why,
it helps to first consider convolution: convolution using the
Heaviside step function (H=0att< 0, H=1at t > 0) as the
instrument response is mathematically equivalent to integration
of the measured response. The instrument response used in the
FSCV literature, g(t) = A, e /%, converges on the Heaviside
step function as the time constant increases. Consequently,
when deconvolution is performed with a large time constant,
the result resembles the derivative of the measured response.
This explains why hang-up correction via deconvolution leads
to mathematical error: FSCV does not record the integral of
the DA concentration (see Figure 1).

Dimension of the Diffusion Gap. Prior studies have
suggested that evoked DA responses are distorted by a diffusion
gap interposed between the FSCV electrode and nearby DA
terminals. We show here that any such gap is too small to cause
any notable distortion.

In animals treated with a combination of nomifensine (20
mg/kg ip) and raclopride (2 mg/kg ip), FSCV detects DA
release evoked by a single stimulus pulse. The time DA needs
to reach the electrode can be measured by varying the time
between the single stimulus pulse and the next FSCV scan. We
varied the time delay in multiples of the 60 Hz period (16.67
ms). DA was detected after 38.33 and 55.00 ms in fast and slow
domains, respectively (Figure 6). According to diffusion theory,
the average distance of travel, x, of molecules with diffusion
coefficient, D, over time interval, ¢, is

x = /Dt 4)

Using the reported diffusion coeflicient of DA in the rat
striatum,*® D = 2.4 x 107° cm?/s, eq 4 converts these times to
distances of 3.0 and 3.6 pm, respectively. Despite their small
size, these distances must be taken as upper limits, because eq 4
does not account for restricted diffusion. Moreover, these
distances are in excellent agreement with the ultrastructure of
the DS.*® Figure 6 strongly supports the point of view that
FSCV responses are not distorted by diffusion gaps but rather
reflect the kinetic characteristics of DA terminals in close
proximity to the recording electrode.”**®
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Figure 6. Amplitude of the DA response (mean + SEM, n = 7 rats
treated with nomifensine and raclopride) as a function of the delay
time between the single stimulus pulse and the next FSCV scan. In fast
and slow domains, DA reaches a significant amplitude above zero at
38.33 ms (one-tailed £ test: £(6) = 2.036, p < 0.05) and 55.00 ms (one-
tailed ¢ test: t(6) = 3.116, p < 0.0S), respectively. *p < 0.0S, *¥p <
0.00S.
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Kinetic Modeling: Two Parameter Sets Produce
Identical Results. The restricted diffusion model reproduces
some responses with two sets of adjustable parameters (see
Supporting Information Table S1). The two parameter sets are
related to each other by interchange of the numerical values of
kr and ky. The Ry parameter tracks ky: when ky is larger, Ry is
larger, and vice versa. The two parameters sets have the same
value of kp. Thus, the model produces identical results when
faster DA kinetics are paired with slower transport as when
slower DA kinetics are paired with faster transport. This is not
an error in the model: the model does not “know” a priori
whether kinetics or transport is rate determining.

To identify the rate-determining step, we modeled responses
obtained before and after uptake inhibition with nomifensine
(Figure 7). One of the rate constants fell consistently in the
range of 1—2 s~' whereas the other was either larger (pre-
nomifensine) or smaller (post-nomifensine). We conclude that
the nomifensine-independent rate constant is k; whereas the
nomifensine-sensitive rate constant is ky. This conclusion was
used in preparing Table 1.

We were not aware of this issue before now: consequently,
we now realize that the k; and kg values in Table 2 of Walters
et al. (2014)*” are reversed. A new version of that table is
provided in Supporting Information Table S2.

The models in Figure 7 suggest that the slower process,
transport or uptake, determines the dynamics of the descending
phase of the response. This is because the model postulates that
DA transport and DA uptake occur in serial fashion, that is, that
transport is a preliminary step in the overall process of uptake.
We believe this has profound implications because prior models
have postulated that transport and uptake occur in parallel
fashion,® that is, that diffusion acts to distort the intrinsic DA
response. But, if transport and uptake occur in serial fashion,
then FSCV measures DA as it diffuses from release sites to
uptake sites. This implies that FSCV provides a direct
measurement of intrinsic DA.

The Initial Fast Component. The restricted diffusion
model provides excellent fits to the hang-up corrected
responses (Figure 4). Even so, close inspection of Figure 4
shows that the model consistently underestimates the initial
segment of the fast responses (see Figure 8A for an expanded
view of the initial segment of Figure 4). It appears that an initial
fast component makes an additional contribution to the fast
responses just after the stimulus begins.

We modeled the initial fast component with eq 5:

ekzt) (5)

where A is an amplitude and k; and k, are rate constants: we
reasoned that eq 5 would produce the required curve shape
with a minimum number of parameters. We adjusted the three
parameters in eq S by curve fitting. We used curve fitting to
obtain the best fit to the responses upon summation of the
initial fast component (eq S) with the previously determined
prolonged component as reported in Figure 4 (ie., evaluate
DA, with eq S, add it to the DA value obtained with eqs 2 and
3, and then evaluate the sum-of-squares of the residuals).
Figures 8B and 8C report the best fits (Pearson correlation
coefficients >0.996) and the initial fast components,
respectively, for each type of fast response. The initial fast
component is most obvious in the case of the type 4 hybrid
response but all the fast types exhibit this phenomenon. We
conclude that the fast responses are composites of initial and
prolonged components.

DA = A(e™ -
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Figure 7. Evoked responses corrected for hang up (symbols) from the fast (red) and slow (blue) domains of the DS from rats before (A) and after
(B) treatment with nomifensine (20 mg/kg ip). The lines show the best-fit models: the parameters are reported in the Supporting Information,
Table S3. The raw as-measured responses are reported in Figure Sc,d of ref 28.
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Figure 8. (A) The initial segment of the responses (symbols) and best-fit models (line) from Figure 4 on an expanded scale. (B) The same as panel
a with the initial fast components added to the modeled responses. (C) The calculated fast initial components for each type of fast response.

A.

pulses

6

2 * 5 pulses

— 4 pu:ses
* 3 pulses

%_ * 2 pulses
~ * 1 pulse
—_ 1 I - Model
<L I
=} y —

skimuLus

Time (s)

pulses
pulses

[DA] (uM)

STIMULUS

Time (s)

Figure 9. (symbols) Responses evoked by 1—6 stimulus pulses in rats (mean of n = 10, SEMs omitted for clarity) treated with nomifensine (20 mg/
kg ip). (lines) Best-fit models. (A) Best-fit models to each evoked response. (B) Single best-fit model to all six evoked responses. The parameters are

reported in the Supporting Information, Table S4.

Closer Inspection of the Initial Fast Component. We
identified fast DS sites in n 10 rats. We administered
nomifensine, recorded responses evoked by one to six stimulus
pulses, and applied the hang-up correction (Figure 9; the raw
data are reported in Supporting Information Figure S4). First,
we modeled each response individually (Figure 9a; these fits are
excellent but the Pearson correlation coefficients are ~0.96 due
to the residual noise). In this case, we set kg to zero because it
had no obvious effect on the quality of the fits, so the fits in
Figure 9a were obtained with a three-parameter model. Second,
we modeled all six responses simultaneously (Figure 9b,
Pearson correlation coefficient 0.96). Thus, Figure 9a shows
that the responses can be fit individually with three adjustable
parameters, and Figure 9b shows that the entire data set can be
modeled with a single set of four adjustable parameters. The
parameter values are reported in Supporting Information Table
S4.

Figure 9 confirms that the brief stimulus responses exhibit
the same overall kinetic behaviors as the prolonged responses in
Figure 4. Only the numerical values of the adjustable
parameters are different. The kp values again fall in the

1472

consistent 1—2 s~ range. The ky, values are smaller than kr, an

expected consequence of nomifensine administration. The
values are ~10-fold larger than those obtained by modeling the
prolonged responses. There may be two reasons for this: first,
the responses predominantly represent the initial fast
component, and second, uptake inhibition mobilizes DA vesicle
pools and promotes DA release.*'

In the case of the fast domains, the initial fast component
might explain our previous observation that the parameters of
best fit exhibit a dependence on the duration of the stimulus.*”
The contribution of the initial fast component diminishes as the
stimulus proceeds. So, as the duration of the stimulus increases,
the kinetic parameters presumably shift from the characteristics
of the initial fast component to those of the prolonged
component. This trend does not apply to ky, which falls
consistently in the range of 1-2 s7".

It is tempting to speculate that the initial and prolonged
components of the response represent readily releasable and
prolonged-release DA vesicle pools,*” as recently suggested by
Zhou and co-workers.*> Caution is required, however, because
we cannot yet eliminate plausible alternatives, such as the
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ACS Chem. Neurosci. 2015, 6, 1468—1475


http://dx.doi.org/10.1021/acschemneuro.5b00128

ACS Chemical Neuroscience

Research Article

presence of subpopulations of DA terminals at the recording
site or multiple pathways for restricted diffusion to the
recording electrode. Future work will be required to clarify
this interesting point. Even so, the methods and the kinetic
modeling presented here provide access to new information
regarding these two components of the DS evoked responses.
The Effect of Uptake on Overshoot. Evoked responses
exhibit overshoot, that is, a continued increase in the DA signal
after the stimulus ends (the responses in Figure 9 are mostly
composed of overshoot). The amplitude and duration of
overshoot are sensitive to DAT inhibitors including nomifen-
sine.”*72** Past interpretations of overshoot as a sign of
diffusion gaps*"** need to be reconsidered given our new data
that speak against the presence of diffusion gaps (Figure 6).
The black symbols and line in Figure 10 show the six-pulse
stimulus response and best-fit three-paramater kinetic model

o Post-drug data - 6 pulse
— Model, ky = 0.83 - 6 pulse
— Model, ky=2-6 pulse

— Model, ky =4 -6 pulse
o Pre-drug data - 12 pulse
— Model, ky =31 - 12 pulse

[DA] (nM)

STIMULUS

Time (s)

Figure 10. Effect of ky; on overshoot. The six-pulse evoked response
from animals treated with nomifensine (black symbols) and its best-fit
(black line). Additional responses were modeled by changing only kg
to 2 s7! (blue line) and 4 s™' (purple line). The pre-nomifensine
response (red symbols) and best-fit (red line) are included for
comparison.

from Figure 9a. The blue and purple lines in Figure 10 show
model responses obtained by holding R, and k; fixed while
increasing ky to 2 s™' (blue line) and 4 s~ (purple line).
Finally, the red symbols and line show a 12-pulse pre-
nomifensine response and its best-fit kinetic model. According
to Figure 10, decreasing only the value of ky reproduces the
observed tendency of uptake inhibition to increase both the
amplitude and duration overshoot (see also Figure 4 of ref 25).
No prior DA model has reproduced this tendency solely by
adjusting DA uptake kinetics. Thus, Figure 10 is a powerful
indicator of the plausibility of our new DA kinetic model.

B CONCLUSIONS

This work brings to light the rich kinetic information content of
electrically evoked DA responses recorded by in vivo FSCV.
The responses include a feature called the hang-up, which arises
from the tendency of DA to adsorb to FSCV electrodes. The
hang-up feature can be removed by a simple subtraction
procedure. The new DA kinetic model, with only four and in
some cases only three adjustable parameters, exhibits essentially
perfect agreement with the corrected responses (in some cases,
with Pearson coefficients exceeding 0.99). By incorporating a
novel short-term plasticity factor, kg, the model accounts for all
five types of evoked responses produced in the DS.

This work brings to light an initial component of the fast
responses produced in the DS. The origin of this component
remains to be identified but possibilities include a readily
releasable vesicle pool, a subpopulation of fast-acting DA
terminals at the recording sites, and a distribution of restricted
diffusion pathways to the FSCV recording electrodes.

1473

Together with previous reports this study establishes that lag
and overshoot are kinetic phenomena. Lag is intimately related
to autoinhibition, and overshoot is intimately related to uptake.
The model reproduces the actions of uptake inhibition on the
amplitude and duration of overshoot: this is a powerful
indicator of the model’s plausibility.

B METHODS

Curve Fitting. Curve fitting was used to set the values of the
adjustable parameters in the models for the hang-up (eq 1), DA
kinetics (eqs 2 and 3), and the initial fast component (eq S). In each
case, a search was conducted for those parameters that produced the
best fit between the models and target data as defined by the smallest
accessible sum of squares of the residuals, that is, the differences
between the modeled and measured data points. The overall quality of
the best-fit model was assessed by means of the Pearson correlation
coefficient. The search for the best-fit parameters was performed as
previously described.”

FSCV Procedures. Procedures for FSCV are identical to those
described in recent reports from our laboratory.*® Briefly, carbon fiber
electrodes (T650 fibers, Cytec LLC, Piedmont, SC, USA) were 200
pum in length and 7 ym in diameter. The FSCV waveform had a rest
potential of 0V, a positive limit of 1 V, a negative limit of —0.5 V (all
vs Ag/AgCl), a sweep rate of 400 V/s, and a repetition frequency of 10
Hz.

In Vitro FSCV Calibration. In vitro FSCV calibration was
performed in a homemade flow cell attached to a Rheodyne loop-
style low-pressure sample injector valve. Flow was generated by
hydrostatic pressure from an elevated reservoir containing N,-purged
artificial cerebrospinal fluid (142 mM NaCl, 1.2 mM CaCl,, 2.7 mM
KCl, 1.0 mM MgCl,, 2.0 mM NaH,PO,, pH 7.4).

In Vivo Procedures. All procedures involving animals were carried
out with the approval of the University of Pittsburgh Animal Care and
Use Committee. Several evoked DA responses used herein for
modeling are taken from previous publications, which contain the full
experimental details.”>*® The same in vivo procedures were used to
obtain the new results in Figures 6, 9, and 10. Briefly, rats (male,
Sprague—Dawley, 250—350 g, Charles River Inc.,, Wilmington, MA)
were anesthetized with isoflurane (2.5% by volume O,), placed in a
stereotaxic frame (David Kopf, Tujunga, CA), and connected to an
isothermal blanket (Harvard Apparatus, Holliston, MA). Carbon fiber
electrodes and stimulating electrodes (MS303/a, Plastics One,
Roanoke, VA) were implanted in the dorsal striatum and ipsilateral
medial forebrain bundle. Optimization was performed to identify
recording sites that produce fast-type evoked responses. The
experimental stimulus waveform was a biphasic constant current
square wave (2 ms pulses, 60 Hz, 250 A, 1—6 pulses) delivered with a
stimulus isolation unit (Neurolog 800, Digitimer, Letchworth Garden
City, UK). Responses evoked by single stimulus pulses were recorded
in n = 14 rats treated first with nomifensine (20 mg/kg ip) and then 20
min later with raclopride (2 mg/kg ip): in 7 of these rats recordings
were taken at fast sites and in the other 7 rats recordings were taken at
slow sites. The time between the single stimulus pulse and the
subsequent FSCV scan was varied in increments of 16.67 ms, the
period of a 60 Hz stimulus (see Figure 6). Evoked responses were
recorded at fast sites in n = 10 rats before and 20 min after the
administration of nomifensine (20 mg/kg ip, see Figure 9).
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