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Background: In rodents, cocaine self-administration under a fixed-ratio schedule and with timeout intervals
limited to the duration of the infusions is characterized by an initial burst of drug intake (loading) followed
by more stable infusion rates (maintenance). We sought to examine whether similar phases might
characterize self-regulated cocaine use in humans.
Methods: 31 Non-treatment seeking, cocaine dependent subjects participated in three (8, 16, and 32 mg/
70 kg/infusion), self-regulated, 2-h cocaine self-administration sessions under a fixed-ratio 1, 5-min timeout
schedule. Data were assessed for visual (e.g., by graphs of cumulative numbers of infusions) and statistical
evidence of change in phase (by step-function analyses of individual infusion rates).
Results: Graphs of cumulative infusions over time suggested a single, linear rate of self-administration over
2h at each cocaine dose. Statistical analyses of infusion data by generalized estimating equation (GEE)

models also failed to support a loading/maintenance pattern (suggesting, if anything, the possibility of
increasing infusion rates over time).
Conclusions: Our findings fail to support the existence of distinct loading and maintenance phases of self-
regulated cocaine administration in humans at behaviorally relevant doses. Several factors may account for
these observations including differences between humans and rodents in self-regulated drug intake.

© 2010 Elsevier Inc. All rights reserved.
1. Introduction

The self-regulation of drug administration, and potential under-
lyingmechanisms, has been studied extensively in non-humans (de la
Garza et al., 1981; Gerber and Wise, 1989; Lynch and Carroll, 2001;
Lynch et al., 1998; Pickens and Thompson, 1968; Tornatzky and
Miczek, 2000). To date, however, only limited effort has been devoted
to the study of self-regulated drug intake in humans (Donny et al.,
2003; Fischman, 1989; Fischman and Foltin, 1992; Fischman and
Schuster, 1982; Kalayasiri et al., 2007b; Lynch et al., 2006; Paly et al.,
1982; Sughondhabirom et al., 2005). Despite a relative paucity of data,
human laboratory studies have nonetheless suggested that self-
administration behavior in experienced drug users employing
behaviorally relevant cocaine doses closely resembles that observed
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in non-human laboratory animals in several respects. For example,
self-administration occurs with regularity (Tsibulsky and Norman,
1999), is relatively stable for a given individual, and can be highly
variable across individuals (Flory and Woods, 2003; Foltin and
Fischman, 1997). Another similarity is that self-administration
behavior in rats, monkeys, and humans is dose-dependent, with
rates of responding varying according to an inverted U-shaped
function (comprised of ascending and descending limbs) (Flory and
Woods, 2003; Johanson, 1982; Pickens and Thompson, 1968;
Sughondhabirom et al., 2005). Thus, despite the relative scarcity of
data, clear similarities appear to exist across species.

However, the extent to which the other aspects of self-adminis-
tration behavior are shared between humans and non-humans is
currently unclear. For example, when rodents are given access to
psychomotor stimulants, an initial rapid burst of self-administration
(“loading” phase) is observed, followed by a period of slower and
more stably spaced drug intake (“maintenance” phase). The transition
between loading andmaintenance phases is apparent in the sharp and
readily observed change in slope of plots depicting cumulative drug
infusions over time. This biphasic pattern has been consistently
observed with cocaine (Ettenberg et al., 1982; Pickens and Thompson,
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1968; Wilson et al., 1971; Wise et al., 1995) and has been replicated
using cocaine analogs such as WIN 35,428 (β-CFT; (−)-3β-(4-
fluorophenyl)tropane-2β-carboxylic acid methyl ester) (Norman
et al., 2004). Studies in non-human primates, however, have been
both less systematic and perhaps as a result, less consistent. For
example, some studies have revealed patterns of responding
consistent with loading/maintenance (Wilson et al., 1971), while
others have been less clear (Johanson, 1982), conspicuous for the
apparent absence of such a pattern (Goldberg et al., 1971; Goldberg
and Kelleher, 1976; also L. Howell, personal communication).

The mechanistic basis of this loading and maintenance pattern has
yet to be established, but researchers have hypothesized that it
reflects efforts to achieve a relatively constant level of drug intake
over a specified time period (e.g., per hour and per day) (Pickens and
Thompson, 1968; Wilson et al., 1971) or “to maintain cocaine levels
above a minimum trigger point” (Tsibulsky and Norman, 1999).

To examine the self-regulation of drug administration in humans,
we developed and validated a paradigm of ad libitum cocaine self-
administration in which experienced users are allowed control over
the frequency of drug intake (i.e., as is possible in preclinical models of
operant drug self-administration). Our prior work has shown these
methods to be procedurally feasible, medically safe, pharmacologi-
cally valid, and test–retest reliable (Kalayasiri et al., 2007b; Lynch et
al., 2006; Sughondhabirom et al., 2005). We have previously applied
these methods to the study of cocaine-induced subjective effects
(Lynch et al., 2008, 2006), their modulation by genetic and
pharmacologic factors (Kalayasiri et al., 2007b), the impact of
pharmacologic interventions, such as disulfiram (Kalayasiri et al.,
2007a,b), and the role of cocaine self-administration and abstinence
on sleep and cognition (Morgan and Malison, 2008; Morgan et al.,
2006; Pace-Schott et al., 2008). In the current study, we specifically
sought to evaluate whether self-regulated cocaine administration in
humans at previously validated and behaviorally relevant doses is also
characterized by distinct loading and maintenance phases of drug
intake. To our knowledge, this is the first study that has explored this
question in humans.
2. Materials and methods

2.1. Subjects

We performed a secondary analysis of data obtained from 31
participants in our prior cocaine self-administration studies (Kalaya-
siri et al., 2007a,b; Lynch et al., 2006; Sughondhabirom et al., 2005).
Subjects (10 female, 21 male; 12 European American, 19 African
American; ages 18–45years, mean±SD age=38±6years) were
assessed for eligibility by unstructured psychiatric interview, physical
and neurological examinations, ECG, and routine laboratory testing
(i.e., blood chemistries, hematology, and urinalysis). Inclusion criteria
included a history of cocaine abuse or dependence (DSM IV) of at least
2-year duration, cocaine use via a high potency, rapid-onset route (i.e.,
smoked or intravenous), a history of regular, recent use of cocaine in
quantities exceeding those available during the study, as well as
objective evidence of recent use by urine toxicology testing (i.e.,
benzoylecgonine positivity). Candidates with significant psychiatric,
medical, or neurological illness, either by history or clinical examina-
tion (e.g., nonsubstance-related Axis I disorders, cardiac conditions,
seizures, etc.), those seeking drug treatment, those dependent on
other substances (except for nicotine), and, for females, those with a
positive serum β-HCG (i.e., pregnancy) test were excluded. Subjects
were experienced (age of first use 20±4years), frequent (6±1 days /
week), and heavy ($60±56 spent per day) users of cocaine. Subjects
were studied as inpatients and were paid for their participation.
Studies/methods were reviewed and approved by the Yale Human
Investigations Committee.
2.2. Self-administration methods

All participants were studied using the same human laboratory
paradigm of self-regulated cocaine administration, as previously
described (Kalayasiri et al., 2007a,b; Lynch et al., 2006; Sughondha-
birom et al., 2005). Specifically, subjects were allowed to self-select
the timing of three cocaine doses (8, 16, and 32 mg per 70 kg body
weight per infusion, hereafter referred to as 8, 16, and 32 mg) by
pressing a button on a corded infusion pump (Abbott Pain Manager II,
Abbott Laboratories) under a fixed-ratio (FR) 1, 5-min timeout (TO)
schedule (i.e., each button press or “response” yielded a cocaine
“infusion,” except during the 5min immediately following an
infusion). Subjects could press the button during the TO, but infusions
were not delivered. They had access to a single cocaine dose per
laboratory session, with sessions conducted most often on consecu-
tive weekdays. Thus, self-administration (response and infusion) data
were available for all three cocaine doses in all individuals. Subjects
were blind to dose (randomized) and self-administration (i.e., FR1,
5 min TO) schedules, but were aware of session duration (2h) and
time (per a wall clock in the room). As a safety feature of the
paradigm, subjects had access to the pump withheld for predeter-
mined elevations in cardiac vital signs (HRN75% age-corrected
maximum, SBPN170 mmHg, DBPN100 mmHg). These and other
aspects regarding the safety, validity, and test–retest reliability of
themethods have been previously reviewed in detail (Kalayasiri et al.,
2007b; Lynch et al., 2006; Sughondhabirom et al., 2005). Self-
administration sessions were conducted on the Yale Center for
Clinical Investigation's Hospital Research Unit.
2.3. Data analysis

By virtue of the FR1, 5 min TO schedule, self-administration data
consisted of two outcomes: responses (button presses) and infusions
(presses associated with a drug infusion), the latter being the primary
outcome measure of interest with respect to drug loading and
maintenance (Tsibulsky and Norman, 1999). Infusion data were
evaluated by both graphical depictions and statistical analyses.
Graphical depictions, by convention (Norman and Tsibulsky, 2006),
employed plots of cumulative infusion data over time (0–120 min;
with first infusions anchored at time 0 min). For formal statistical
analyses, however, infusion datawere coded as a binary outcome (0=
infusion absent vs. 1 = present) for each of 24 five-minute ‘bins’
(i.e., bin 1=0–5 min, bin 2=5–10 min, …, bin 24=116–120 min).
Given that essentially all subjects (30–31 out of 31) pressed for
cocaine immediately upon receipt of the pump button (and therefore
received an initial infusion during bin 1), statistical analyses/model
fittings were conducted using bins 2–24 (i.e., so as to address the
artificially elevated incidence of infusions resulting from the syn-
chronized “starting line” effect in bin 1). To account for within-subject
correlations and for missing data (i.e., bins during which the infusion
pump was withheld due to vital sign elevations), generalized
estimating equation (GEE) methods, with the logit link function,
were used for all modeling (SAS PROC GENMOD). Based on
predictions of two stable (i.e., linear) self-administration phases of
differing rate (i.e., greater for loading than maintenance), we
conducted a “step-point analysis,” in which binned infusion data
were fit to a step function (i.e., with infusion rates significantly higher
for all bins before as comparedwith all bins after the “step”). The best-
fitting “step point” for each dose over the 2-h session was determined
by deviance statistics. In contrast to cumulative infusion data, where
two linear and positively sloping components are present, step-
function modeling of binned infusion data assumes two linear phases
of zero slope and differing y-axis intercepts (loadingNmaintenance).
Thus, a significant descending “step” (i.e., decrease in infusion
frequency) for each cocaine dose was hypothesized.
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3. Results

Consistent with our previous observation that cocaine intake
appeared to be regulated, the present analysis revealed that subjects
obtainedmore infusions at lower as compared to higher doses (i.e., 359
infusions for 8 mg, 292 for 16 mg, and 237 for 32 mg). Thus, 888
infusions were available for graphical and statistical analyses in our 31
subjects over a total of 2232 bins (31 subjects×3 doses×24 five-minute
bins/dose). Consistent with preclinical paradigms in rodents, self-
administration behavior in our human subjects showed a non-linear
relationship to unit cocaine dose, as evidenced by mean inter-infusion
intervals of 13, 16, and 19min for 8, 16, and 32 mg/70 kg doses,
respectively (e.g., see Fig. 2 in Tsibulsky and Norman, 1999). Vital sign
elevations produced 105 bins of missing data (4.7% of total; 12 for 8 mg,
19 for 16 mg, and 74 for 32 mg). Group plots of cumulative infusion data
for each cocaine dose (8, 16, and 32 mg) are presented in Fig. 1a. As seen
in the figure, distinct loading/maintenance phases are not apparent for
any of the three cocaine doses.

To exclude the possibility that differences in the timing of
transitions from loading to maintenance across subjects might have
obscured the detection of otherwise obvious discrete phases,
cumulative infusion data were inspected for all subjects individually,
as well (Fig. 1b depicts representative data in 10 subjects for 8, 16, and
32 mg). As for group-wise depictions, however, no change in self-
administration rate over the 2-h period was apparent.

Though visually indiscernible, statistical analyses did reveal
significant (or nearly significant), best-fitting “step points” for each
cocaine doses (at 71–75 min for 8 mg, pb0.0001; at 106–110 min for
16 mg, pb0.001; and at 111–115 min for 32 mg, pb0.054). Quite
unexpectedly, however, and contrary to hypothesized directions of
change, results indicated statistically higher infusion frequencies
following as compared to preceding significant steps (i.e., opposite
of that depicted in Fig. 2a). As such, model fitting approaches also
failed to find evidence in support of distinct loading and maintenance
phases. To rule out the possibility that the 5-min timeout might have
imposed a ‘ceiling’ on infusion rates (i.e., which could conceivably
have masked subjects' efforts to load during earlier self-administra-
tion bins), we also modeled the probability of responses (i.e., button
presses) exceeding infusions by identical step-point analyses (pre-
dicting that thwarted ‘loading’ efforts would be associatedwith higher
response rates during earlier as compared to later sessions bins).
However; results revealed the same pattern for responses as for
infusions, with best-fitting “step ups” for each dose (106–110 min for
8 mg, p=0.0007; 101–105 min for 16 mg, pb0.0001; and 106–
110 min for 32 mg, pb0.0001). Thus, graphical and statistical analyses
were consistent in their failure to find evidence of distinct loading and
maintenance phases.
Fig. 1. A. Average number of cumulative cocaine infusions for 8 mg (····· dotted line),
16 mg ( ̶ ̶ ̶ solid line), and 32 mg (- - dashed line) depicted over time (i.e., 120 min self-
administration period). Cumulative infusion curves appear linear and without evidence
of discrete loading/maintenance phases. B. Cumulative cocaine infusions for each of 10
representative subjects depicted over time (i.e., 120min self-administration period) for
8 mg (top), 16 mg (middle), and 32 mg (bottom) doses. Individual cumulative infusion
curves are without evidence of distinct loading/maintenance phases.
4. Discussion

To our knowledge, this is the first study to assess whether self-
regulated cocaine administration in humans is associated with
distinct phases of drug “loading” and “maintenance”. Our evaluation
of data in 31 experienced users who self-selected the timing of three
different cocaine doses over 2-h sessions did not reveal such a pattern.
Graphs of cumulative infusions, which readily reveal such phases in
non-humans, showed no evidence of respective loading/maintenance
periods. Moreover, statistical analyses argue persuasively against
sequential periods of rapid followed by slower drug intake. In fact,
unexpectedly, our model fitting results point to an opposite pattern of
statistically higher (albeit visually unimpressive) probabilities of
infusions over time (i.e., with best-fitting transition times ranging
from 71–115 min for 8–32 mg doses, respectively). As such, under the
human laboratory conditions employed, we do not find distinct
loading and maintenance phases in experienced cocaine users.
Although reasons for these negative results are unclear, several
factors could account for our findings. Perhaps principal among such
possibilities are differences is self-administration methods across



Fig. 2. A. Graph depicting hypothesized probabilities of cocaine infusions over time for
8 mg (····· dotted line), 16 mg (

___
solid line), and 32 mg (

_ _
dashed line) doses as fit

by a step-function model. Specifically, loading to maintenance phases are predicted to
be associated with decending “steps” for each cocaine dose (i.e., with the probability of
infusions being higher for lower as compared to higher doses, with the probability of
infusions being higher for loading as compared to maintenance periods, and with the
transition being later for lower as compared to higher doses). B. Graph depicting actual
probabilities of cocaine infusions over time (minutes) for 8 mg (····· dotted line),
16 mg ( ̶ ̶ ̶ solid line), and 32 mg (- - dashed line) doses as best-fit by “step-point”
analyses. In contrast to predictions, step-function modeling revealed statistically
significant ascending “steps” for each cocaine dose.

54 G.A. Angarita et al. / Pharmacology, Biochemistry and Behavior 95 (2010) 51–55
species. Certainly, response rates in both humans and non-humans
can be exquisitely sensitive to self-administration schedules and drug
doses. Simultaneously, inter-species differences in physiology, phar-
macokinetics, and even research ethics can create challenges in
establishing precisely equivalent conditions under which self-admin-
istration behavior might be fairly and comparably evaluated with
certainty. In this regard, we consider several such factors that might
help to explain these apparent differences.

First, and in contrast to preclinical paradigmswhere cocaine is most
often available to non-humans under a simple FR1 schedule (i.e., every
response is associatedwith an infusion), issues of subject safety dictated
the inclusion of a 5-min timeout in our human paradigm (i.e., so as to
allow sufficient time for subjects to experience and investigators to
monitor the effects of an initial infusion before access to another was
possible). Since drug regulation is best revealed in situations in which
access is unrestricted (Carroll and Bickel, 1998), the presence of a
timeout could conceivably have limited subjects' infusions at earlier
session times. However, our analyses of response data were fundamen-
tally in agreement with those for infusions, arguing against the
possibility that the timeout played a significant role.

A second potential factor is the duration and the number of our self-
administration sessions. Although 2h is a sufficient period of time for the
detection of loading/maintenance phases in rodents (e.g., where cocaine
half-life is roughly 8–10 min), cocaine's slower pharmacokinetics in
humans (e.g., 45–60 min half-life) might be associated with longer
loading intervals and delayed transitions to maintenance. Certainly,
cocaine binges in humans are not limited to 2-h periods of time, often
lasting more hours or even days longer (Ward et al., 1997). Thus, we
cannot ruleout thepossibility that longerdrug self-administrationperiods
might have revealed two phases. In addition, although our cocaine
subjectswere highly experienced users of the drug, the human laboratory
methods and hospital environment were also highly novel. Thus, it is also
possible that efforts to orient/train/habituate subjects (i.e., a single safety/
eligibility session) and/or expose individuals to the specific cocaine
amounts (i.e., a single 2-h session per dose) were insufficient.

In addition to the former, a third factor that must also be
considered is the possibility that chronic drug use and/or the nature
of human addiction leads to an alteration in self-administration
behavior in which phasic consumption is absent. Preclinical studies
are most often conducted in drug-naïve non-humans, and though
measures are often obtained after periods of stable self-administra-
tion, it is not clear whether such states are comparable to those in
cocaine-abusing and/or dependent humans.

A fourth and potentially confounding influence could also be the
increased infusion rates observed during the last minutes of the self-
administration paradigm. We speculate that subjects' awareness of
session duration and time resulted in increased response rates at
session end (i.e., a sort of “last call” effect). Alternatively, were self-
administration rates in humans influenced by efforts to attain
desirable (i.e., positive) subjective drug effects (e.g., euphoria or
‘high’), and a progressive tolerance to the latter, then secondary
increases in self-administration rates might be observed over time as
subjects attempt to sustain such states. Though intriguing to speculate
about the potential mechanisms underlying these statistically
discernable effects, we hesitate to expound given their modest,
visually unimpressive, and perhaps clinically questionable magnitude
(Fig. 1a). Given the latter, however, we believe it is unlikely that such
effects obscured the detection of loading/maintenance phases.

Finally, and perhaps most importantly, we wonder about the
equivalence and/or comparability of the unit cocaine doses used in
human vs. non-human paradigms. Preclinical studies in non-humans
can show variable evidence of loading and maintenance depending
upon the specific doses employed. In rodents, for example, the unit dose
ranges most commonly studied (e.g., 0.2–1.0 mg/kg IV) are associated
with distinct loading/maintenance phases (Peoples et al., 2004b), while
larger and less commonly studied doses (e.g., 2.0 mg/kg IV or higher)
are not, apparently producing drug loading with a single dose (Andrew
Norman, personal communication). A similar dose-dependencyhas also
been suggested in at least one study of non-human primates (Wilson
et al., 1971), with doses of 0.1–0.4 mg/kg/injection appearing to be
associated with discrete phases, while other below (0.025–0.050 mg/
kg/injection) or above (0.8–2.0 mg/kg/injection) not. While the doses
employed in our human paradigm match the former well from a dose/
weight perspective (i.e., 8–32 mg/70 kg or roughly 0.1–0.5 mg/kg IV in
our study), others have suggested that the higher rodent dosesmight be
behaviorally more relevant from the standpoint of self-administration
rate (Mantsch et al., 2004). For example, doses of 0.5 and 0.7 mg/kg in
rats are associated with inter-infusion intervals of only 2–5min
(Mantsch et al., 2004) and 6–8.5min (Peoples et al., 2004a),
respectively. In contrast, comparable (or even somewhat lower) mg/
kg cocaine doses in our human subjects were associated with mean
inter-infusion intervals of 13, 16, and 19min (0.1, 0.2, and 0.5 mg/kg,
respectively), intervals closer to those (10–15 min) produced by higher
(e.g., 2.0 mg/kg) rodent doses. Thus, neither can we exclude the
possibility that smaller unit cocaine doses (e.g., 1–4 mg/70 kg) might
have yielded different results in our paradigm/population.

Importantly,we do not believe that limitations of sample size and/or
self-administration outcomes (i.e., numbers of infusions) were a factor
in our inability to identify loading/maintenance effects. Quite to the
contrary, our dataset provided sufficient statistical power to unambig-
uously detect increases in infusion (and response) rates over time — a
pattern opposite that hypothesized (and one confirmed by othermodel
fitting approaches as well; data not shown; available upon request).

In conclusion, under the human laboratory conditions employed,
the current study did not find evidence of loading and maintenance
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phases of drug intake in humans, a pattern that has been previously
well demonstrated in non-humans. Future studies may benefit from
more liberal self-administration schedules, longer session durations,
blinding with respect to session durations/times, and/or the use of
lower unit doses of cocaine. Suchmodificationsmay ultimately enable
more definitive replication, or refutation, of our negative results.
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