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Abstract

There is evidence that pain can impact cognitive function in people. The present study evaluated
whether Pavlovian fear conditioning in rats would be reduced if conditioning were followed by
persistent inflammatory pain induced by a subcutaneous injection of dilute formalin or complete
Freund's adjuvant (CFA) on the dorsal lumbar surface of the back. Formalin-induced pain
specifically impaired contextual fear conditioning but not auditory cue conditioning (Experiment
1A). Moreover, formalin pain only impaired contextual fear conditioning if it was initiated within
1 h of conditioning and did not have a significant effect if initiated 2, 8 or 32 h after (Experiments
1A and 1B). Experiment 2 showed that formalin pain initiated after a session of context pre-
exposure reduced the ability of that pre-exposure to facilitate contextual fear when the rat was
limited to a brief exposure to the context during conditioning. Similar impairments in context- but
not CS-fear conditioning were also observed if the rats received an immediate post-conditioning
injection with CFA (Experiment 3). Finally, we confirmed that formalin and CFA injected s.c. on
the back induced pain-indicative behaviours, hyperalgesia and allodynia with a similar timecourse
to intraplantar injections (Experiment 4). These results suggest that persistent pain impairs
learning in a hippocampus-dependent task, and may disrupt processes that encode experiences into
long-term memory.
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1. Introduction

Pain interferes with cognitive function in general, and memory in particular. Evidence for
this comes from several sources. First, patients with chronic pain complain of significant
memory disturbances [1-5]. These complaints have been verified in standardised
neurocognitive assessments of teenage, adult and elderly chronic pain patients across a range
of chronic pain-causing conditions, and the severity of impairment is proportional to the
degree of pain experienced at assessment [6-18]. Second, experimentally inducing pain in
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otherwise healthy volunteers interferes with memory function if the painful stimulus is
applied during encoding and/or retrieval in long-term memory tasks [18-21]. These memory
deficits would have a limiting effect on a person suffering from pain, contribute to pain
disability, and are a barrier to successful completion of treatment programmes [22].

However, the causes of these pain-induced memory deficits remain unclear. Studies of the
effect of pain on memory with clinical populations are often hampered by small samples,
variation in the source and extent of pain, less than adequate controls, and the presence of
other disease-related complications or psychosocial distress that might confound
conclusions. Research with healthy volunteers can be constrained by obvious ethical
concerns and methodological difficulties that limit the ability to test hypotheses about
mechanisms, and to test potential treatments.

Understanding the mechanisms by which pain causes memory dysfunctions requires the use
of animal models. Therefore the present study aimed to demonstrate that persistent pain
would affect long-term memory in the laboratory rat using Pavlovian fear conditioning, a
standard procedure for studying the neurobiology of memory. In this paradigm, a rat is
placed in a conditioning chamber where, after a couple of minutes of exploration, it is
presented with a discrete tone conditioned stimulus (CS). At the end of the tone CS, the rat
receives a mild but startling electric stimulus to its feet (unconditioned stimulus) that
provokes a fearful response (unconditioned response). The next time the rat experiences the
tone CS it displays its natural freezing defensive response and becomes immobile
(conditioned response). However, separately from freezing to the tone CS, the rat will also
freeze in the presence of the contextual cues of the conditioning chamber (context). Fear
conditioning to the tone CS is a simple and rapid process whereas fear conditioning to the
context requires the integration of spatially diffuse cues, and this extra information
processing demand requires longer periods of time and uses neurobiological mechanisms
that are more susceptible to post-conditioning interference than for a simple CS [23,24].

The present experiments aimed to examine the effect of pain on contextual and tone CS fear
conditioning. After conditioning, rats were given a subcutaneous injection of either dilute
formalin or complete Freunds adjuvant (CFA). Formalin produces an immediate behavioural
response indicative of pain [25], and both formalin and CFA induce hyperalgesia and
allodynia that can persist for weeks [26,27]. The rats were then tested 4 or 7 days later to see
if pain experienced after conditioning had affected memory of conditioning.

2. Materials and methods

2.1. Subjects

Adult male Sprague-Dawley rats weighing between 350 and 450 g were used in all
experiments. Experiments 1 and 2 were conducted at the University of Colorado and used
rats from Harlan Labs, Madison, WI. Experiments 3 and 4 were conducted at the University
of Sydney and used rats from the Animal Resource Centre, Perth, WA, Australia. On arrival
to the colony, the rats were housed in temperature-controlled (23 = 3 °C) and light-
controlled (12/12 h light/dark cycle; lights on at 07:00 h) rooms with standard rodent chow
and water available ad /ibitum. Behavioural testing was performed between 07:00 and 16:00

Behav Brain Res. Author manuscript; available in PMC 2017 October 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnston et al. Page 3

h. All procedures were approved by the Institutional Animal Care and Use Committee of the
University of Colorado at Boulder, and by the Animal Ethics Committee at the University of
Sydney.

2.2. Apparatus

Experiments 1 and 2 used two identical conditioning chambers (26 cm x 21 cm x 24 cm, /x
wx ) made of clear plastic and with window mesh roofs, each held within different igloo
ice chests (54 cm x 30 cm x 27 cm; /x wx £) with white interiors. A speaker and activated
24-V DC light bulb were mounted on the ceiling inside each chest. The unconditioned
stimulus was a 2 s, 0.55-mA shock (as measured at the rod floor) delivered through a
removable floor of stainless steel rods 1.5 cm in diameter spaced 1.2 cm center to center.
Each rod was wired to a shock generator and scrambler (Lafayette Instruments Model
8240415-SS, Lafayette, IN). The conditioning chambers rested on the steel rods and the
floor of each chamber was cleaned with water between each training or testing session. The
2976 Hz tone CS was presented at 74 dB as measured in the test chamber by a Triplet sound
level meter (Model 370 set on the C scale). The test chambers were changed when the tone
was tested to prevent the generalization of conditioned context fear to the CS test context.
The shape of the conditioning chambers was changed from rectangular to triangular by
placing a 34 cm x 10 cm plastic panel diagonally inside the conditioning chambers.
Moreover, the stainless steel rod floor was removed so the chamber sat on a flat plastic
surface and the background lights were replaced with red globes to darken the chambers.
Background noise in the chambers was measured at 68 dB.

Experiment 3 occurred in 4 identical chambers (30 cm long, 25 cm wide and 31 cm high)
made of clear plastic and aluminum, each in held in wooden sound attenuation boxes with a
40 W light globe inside each. A 1500 Hz tone generated programmatically by a computer
and played through speakers behind the conditioning chambers was presented at 74 dB
(against 68 dB background noise) served as the CS. The unconditioned stimulus was a 1 s,
0.75 mA shock (as measured at the rod floor) delivered through a removable floor of
stainless steel rods of the same dimensions described above. Each rod was wired to a shock
generator and scrambler (Med Associates, VT). The floor of each chamber was cleaned with
water between each session. The tone CS test was conducted in modified shuttle boxes (34
cm high, 29 cm long, and 26 cm wide). The doors between each chamber of the shuttle box
were closed to create separate testing chambers, and a plastic mesh was laid on the floor to
change tactile cues. The room lights were turned off and testing was conducted under red
lighting.

2.3. Procedures

2.3.1. Formalin or complete Freund's adjuvant injections—Subcutaneous
injections of dilute formalin or CFA are commonly used methods to induce persistent or
chronic inflammatory nociceptive stimulation in animal studies of pain [25,26]. In the
standard procedure, formalin or CFA is administered into the plantar surface of the foot.
However, pilot studies indicated that injecting into the paw with vehicle after conditioning
increased fear conditioning compared to non-injected controls. Given this limitation our
injections were instead made into the loose subcutaneous tissue on the dorsal lumbar surface
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of the back at the region identified by Takahashi et al. [28,29] to be within the same L5
dermatome that innervates the plantar surface of the paw. Formalin (4% in 0.9%, w/v saline
at 0.1 mL), complete Freund's adjuvant (0.2 mL containing 200 ug Mycobacterium
tuberculosis, Sigma, St. Louis, MO) or vehicle injections occurred in a room adjacent to
their colony room. The rats were lightly held in toweling and rapidly injected
subcutaneously (s.c.). To ensure that the person scoring the behaviour of the rat was blind to
the treatment given the rat, one person injected the rats and a different person scored fear
conditioning or pain behaviour.

2.3.2. Fear conditioning—The rats were handled on the day prior to conditioning.
Conditioning and testing of contextual fear occurred between 9 a.m. and 12 p.m. whereas
testing of conditioning to the tone CS occurred between 3 and 5 p.m. Unless specified
elsewhere, on the day of conditioning, the rats were transported to the conditioning room in
their home cages covered by a white lab coat and immediately placed in the conditioning
chambers. 120 s after the rats were placed in the chamber, the rats received a 15-s
presentation of the tone CS that terminated with the onset of the shock unconditioned
stimulus, and the rats were removed 30 s after the shock.

Conditioned fear was assessed by transporting the animal cages to the conditioning
chambers under a lab coat and placing each rat in the conditioning chamber for 10 min.
Freezing was assessed using a time sampling technique when the rats were judged as being
active or freezing once every 10 s. Freezing was defined as the complete absence of
movement except for respiration.

Assessment of fear to the tone CS occurred the next day. The animals were transported to
the conditioning room without a lab coat covering their cages and were assessed in the
modified CS-testing chambers under red light. Different testing chambers were used to
reduce the potential effects of generalized contextual fear on the amount of freezing to the
CS. Moreover, CS-fear testing occurred in the afternoon to provide a different temporal
context. The tone cue test lasted for 12 min and consisted of a 2-min pre-CS period in the
absence of the auditory cue followed by a 10-min presentation of the tone CS.

2.3.3. Pain assessment

2.3.3.1. Spontaneous nociceptive behaviours: Following injection with formalin, CFA or
vehicle, the rats were observed for pain evoked behaviour. A time-sampling procedure was
used in which the rats' behaviour was observed and assessed once every 30 s. The rats'
behaviour was scored used a weighted scoring system similar to that developed by
Dubuisson and Dennis [30] and modified for behaviours relevant to the site of injection. In
each observation, the rats were scored as 0 if they displayed no nociceptive behaviours, 1 if
they were writhing or lying with an arched or curved back, or 2 if the animals were
attempting to lick or scratch the site of injection. Animals were observed for 5-min periods
and the pain scores across 10 observations were averaged.

2.3.3.2. Tail immersion test for thermal hyperalgesia: The tail immersion test, which
measures the latency for the rat to withdraw its tail from a heated water bath, was used to
measure thermal nociceptive sensitivity. Rats were habituated to the testing apparatus and
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procedures for 5 days prior to testing. During testing, rats were transported to the laboratory
and placed in clear Plexiglas containers (35 cm x 21 cm x 19 cm) with metal mesh ceiling
and wood chip bedding for 20 min. Each rat was removed from its container and the distal 4-
cm portion of the tail was immersed in water maintained at 49 °C by a Thermoline water
thermoregulator. The latency to entirely remove the tail from the water was recorded, the tail
was cleaned dry with a towel, and the rat immediately returned to its container. Four
measurements were recorded over 20 min to determine the baseline latency for each rat.
Following injection with formalin, CFA or vehicle, tail flick latencies were recorded once
only at each time point.

2.3.3.3. Von Frey test for mechanical allodynia: The von Frey test measures response
thresholds to calibrated light pressure stimuli applied to the ventral surface of the paws. The
test was performed using 0.406-15.136 g stimuli as described in detail previously [31]. The
rats were habituated to the testing cages for 5 days prior to testing. On the day of testing, the
rats were first assessed for baseline response thresholds prior to tail immersion testing and
injection, and the average response threshold from both feet was calculated. The
monofilament was applied perpendicularly to the mid-plantar or heel of a weight-bearing
hindpaw for 8 s. Paw withdrawal responses included flinching during the maintained
application of the monofilament, but not at initial contact or removal of the monofilament.
Monofilaments were tested in ascending order of stiffness until two consecutive withdrawal
responses were recorded with the same monofilament. There was at least 2 min between
applications of monofilaments to a paw. The behavioural responses were used to calculate
the log pressure that would have resulted in the 50% paw withdrawal threshold, by fitting a
Gaussian integral psychometric function using a maximume-likelihood fitting method [32,33]
as used previously [31].

2.3.4. Statistics—The dependent variable in experiments 1-3 was the percentage of
samples that the rats were observed to be freezing during the test period. In Experiment 4,
data from the tail immersion tests were analysed as the withdrawal latency in seconds, the
data from the von Frey tests were analysed as the interpolated 50% threshold in log 10 of
stimulus intensity (monofilament stiffness in milligrams x 10), and data from the nociceptive
behaviour observations were analysed as average pain score for each 5-min period. The data
were analysed by repeated measures ANOVAs or by planned orthogonal contrasts, and
statistical significance was set with alpha at p < 0.05. For post-hoc analyses, alpha was
maintained at 0.05 with Scheffé's procedure.

2.4. Experiments 1A and 1B: effect of post-conditioning formalin pain on contextual- and
CS-fear conditioning

The Pavlovian fear conditioning model has several advantages for studying the effect of pain
on memory. First, unlike other animal models of memory that require extensive training, fear
conditioning can occur in a single session so that the effect of pain on the rat's memory for a
discrete experience can be tested. Second, fear conditioning to a tone CS is a rapid process
whereas fear conditioning to the context is followed by a critical time period during which
the processes involved in context memory consolidation are susceptible to interference. This
is revealed by studies showing that contextual, but not tone CS fear conditioning, can be
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impaired by hippocampal damage, immune challenge, or social isolation if done within a
critical time period after the conditioning trial [34-38]. However, this period is transient and
manipulations that can reduce contextual fear if experienced soon after conditioning have
little or no effect if performed some time after that episode.

Therefore, this study was designed to test whether experience with pain immediately
following fear conditioning will disrupt contextual but not tone CS fear conditioning.
Experiment 1A examined whether formalin pain would reduce contextual or tone CS fear
conditioning if s.c. formalin-induced pain begins 1 h after conditioning compared to pain-
free controls. Experiment 1B examined if formalin pain had to be experienced within a
critical time period to reduce fear conditioning. Here, all rats experienced formalin pain.
However, formalin was administered 0.5, 2, 8, or 32 h after conditioning.

On the first day of the experiment, the rats were transported to the laboratory, conditioned,
and then returned to their colony room. In Experiment 1A, the rats received a s.c. injection
of either formalin [77= 8] or equivolume saline [77= 8] on the back 1 h after conditioning. In
Experiment 1B, the rats received a s.c. injection of formalin 0.5, 2, 8 or 32 h after
conditioning. Group sizes were 0.5 h[n=8],2h[n=8], 8h[n=8]and 32h[n=8]. In
both experiments, the rats were given a 4-day recovery period between conditioning and
testing for contextual fear, followed by a test for auditory cue fear approximately 30 h later.

2.5. Experiment 2: effect of formalin pain on context pre-exposure in an immediate shock
conditioning procedure

Rats need longer periods of time to learn to associate stimuli with contextual cues than
simple tone CSs. Robust tone CS fear conditioning can occur in one pairing, even when the
CS and shock are simultaneously presented [39]. However, studies that manipulate the time
a rat spends in the context prior to a shock show that contextual fear conditioning is weak if
the preshock exploration period in the context is very short (e.g., less than 27 s; [40,41]).
That is, there is very little fear conditioned to the context if a shock is administered very
quickly after placement into the novel context. This immediate shock deficit can be
overcome by increasing the time the rat is exposed to the context, either by extending the
interval between placement in the context and footshock during the conditioning trial or by
allowing the rat to explore the context in a separate session prior to the conditioning trial
[40,41]. These results suggest that the processes underlying contextual fear conditioning can
be dissociated into two processes: A relatively slow integration of the available contextual
stimuli into memory, and the association of this contextual memory trace with the aversive
US. This experiment aims to test if pain interferes with the consolidation of contextual cues
into memory independently of the fear conditioning process. That is, this experiment will
examine whether formalin pain experienced after a session of pre-exposures to the to-be-
conditioned context will attenuate the effect of context pre-exposure on the immediate shock
deficit when conditioning occurs the following day.

On the first day of the experiment half the rats were transported to the laboratory, and were
given five 2-min pre-exposure (PreX) sessions in the conditioning chambers separated by 5-
min intervals in their home cages. The remaining rats were given equivalent handling in their
home cages (HC). 30-min after the context pre-exposure or after handling, the rats received a
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s.c. injection of either formalin (4% in saline at 0.1 ml) or equivolume saline above the tail
on the lumbar portion of the back. Group sizes were HC-Saline [n= 8], HC-Formalin[n=
8], PreX-Saline [n= 9], and PreX-Formalin[n= 9]. At the same time the next day, all rats
were transported to the laboratory, placed in the conditioning context for 10 s when they
received a single unsignalled footshock US, were removed immediately from the
conditioning context and returned to their colony room. 4 days later the rats were again
transported to the conditioning chambers and assessed for contextual fear.

2.6. Experiment 3: effect of post-conditioning complete Freund's adjuvant on contextual-
and CS-fear conditioning

Experiment 3 attempted to extend the findings of Experiment 1 by examining whether
contextual fear conditioning would also be reduced in rats given post-conditioning s.c.
injections of a different inflammatory stimulus. CFA is widely used to model chronic
inflammatory and polyathritic pain in rodents, and induces chronic and progressive
hyperalgesia and allodynia [26]. On the first day of the experiment, the rats were transported
to the laboratory, and conditioned as described above. Immediately after conditioning, they
received a s.c. injection of CFA [n7= 8] or vehicle [#= 8] in the same location as above, and
were then returned to their colony room. 7 days after conditioning, the rats were again
transported to the conditioning chambers and assessed for contextual fear, followed by a test
for auditory cue fear test approximately 30 h later.

2.7. Experiment 4: the behavioural effect of formalin or complete Freund's adjuvant
injected subcutaneously onto the dorsal lumbar surface of the back of the rat

The previous experiments investigated the effect of formalin or CFA injected s.c. into the
loose subcutaneous tissue on the dorsal lumbar surface of the back. As the standard
procedure is to administer formalin or CFA into the plantar surface of the foot, the aims of
this experiment were to verify that s.c. lumbar formalin and/or CFA at the doses used here
were suitably noxious stimuli, and to determine if the timecourse of changes in behaviour
and pain sensitivity are similar to those reported with intraplantar formalin or CFA. Prior to
injection with formalin [n= 8], CFA [n= 8] or saline [/7= 8], the rats were assessed for
baseline tail flick latencies in the immersion test, and withdrawal thresholds to the von Frey
hairs. Following injection, tail flick latencies were recorded 5-min, 15-min, 30-min, 60-min,
120-min, 180-min, 360-min, 1-day, 4-day and 7-day post-injection. The rats were also
assessed in the von Frey test at 80-min, 200-min and 380-min, and 1-day, 4-day and 7-day
post-injection. The rats's pontaneous behaviour was observed for the first 60-min post-
injection, and then for 5-min periods prior to tail immersion testing at 120-min, 180-min and
360-min and 1-day, 4-day, and 7-day post-injection.

3. Results
3.1. Experiments 1A and 1B: effect of post-conditioning formalin pain on contextual-and
CS-fear conditioning

The results of Experiment 1A are shown in Fig. 1A. It shows that the expression of
contextual- but not auditory-cue fear was reduced in rats receiving a s.c. injection of
formalin 1 h after conditioning compared to controls. These observations were confirmed in
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statistical analyses. There was no main effect of type of injection (formalin vs. saline),
H1,14) = 3.5, p> 0.05, but there was a main effect of test-type (context vs. CS), A1,14) =
6.0, p< 0.03, and there was a significant interaction between injection and test-type, A1,14)
=6.3, p<0.03.

The results of Experiment 1B are shown in Fig. 1B. It shows that the reduction in freezing to
the contextual-cues by formalin was time-dependent. Maximum freezing to the context was
observed when formalin was administered 32 h after conditioning but the levels of freezing
diminished the shorter the period of time between conditioning and injection. Consistent
with the previous experiment however, there was no effect of formalin on freezing to the CS
at any time-point. Statistical analysis confirmed these observations. There was no main
effect of test-type (context vs. CS) on freezing (F< 1) but there was a reliable difference in
freezing when comparing rats injected 0.5 h after conditioning to the other groups (2, 8 and
32 h), A1,30) =11.0, p<0.002, and there was a significant interaction between test-type
and this time-point (0.5 h vs. 2, 8 and 32 h). There were no reliable differences in
comparisons made between rats injected 2 h after conditioning or those injected later (8 and
32 h), in comparisons between rats injected 4 or 8 h after conditioning, nor were there
significant interactions between these time-points and test-type (all / < 2).

3.2. Experiment 2: effect of formalin pain on context pre-exposure in the immediate shock
conditioning procedure

The results of Experiment 2 are shown in Fig. 2. It shows that the level of freezing to the
context was less in rats who received a single immediate shock compared to rats who had
received five 2-min pre-exposure sessions the day before. Fig. 2 also shows that the increase
in freezing in Pre-X rats was reduced in rats that received an injection of formalin 30 min
after the pre-exposure sessions. These observations were confirmed in statistical analyses.
There was a main effect of type of pre-exposure, A1,30) = 120.6, p< 0.001, but no main
effect of formalin, A1,30) = 1.3, p> 0.05. Importantly, there was a significant interaction
between pre-exposure and formalin, A1,30) = 8.2, p< 0.01.

3.3. Experiment 3: effect of post-conditioning complete Freund's adjuvant on contextual-
and CS-fear conditioning

The results of Experiment 3 are shown in Fig. 3. It shows that the expression of contextual-
but not auditory-cue fear was reduced in rats receiving a s.c. injection of CFA immediately
after conditioning compared to controls. These observations were confirmed in statistical
analyses. There was a main effect of type of injection (CFA vs. saline), A1,14) =6.0, p
<0.03, a main effect of test-type (context vs. CS), A1,14) = 5.4, p< 0.05, and there was a
significant interaction between injection and test-type, A1,14) = 5.8, p< 0.05.

3.4. Experiment 4: the behavioural effect of formalin or complete Freund's adjuvant
injected subcutaneously onto the dorsal lumbar surface of the back of the rat

Fig. 4A shows the change in the expression of pain behaviours after injection with formalin,
CFA or vehicle. Rats injected with formalin showed a range of behavioural responses
indicating pain from the injection, such as turning to scratch or groom the injection site,
writhing, vocalizations, increased locomotor activity, leg kicking and hopping, and lying on
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the stomach while stretching the back. These behaviours were observed for the first 60 min
after injection but were absent by 120 min. CFA or saline treated rats did not display these
behaviours at any timepoint observed during the study. Statistical analysis of the scoring of
the pain behaviours revealed significant overall between-group differences between the
formalin and saline treated rats, A1,21) = 763.496, p < 0.001, between formalin and CFA
treated rats, A1,21) = 692, p< 0.001, but not between CFA and saline treated rats, A1,21) =
1.8. Post-hoc analysis of each time point revealed significant differences between vehicle-
and formalin-treated rats from 5-to 55-min post-injection, all A1,21)>34.6, critical /=8.65,
but not at 60min or later time points.

Fig. 4B shows the change in tail flick latencies following injection with formalin, CFA or
saline. Formalin produced a decrease in tail flick latencies immediately after conditioning
that had resolved by the first hour of testing. CFA produced a mild hyperalgesia that became
apparent within hours of injection and that became progressively stronger over the course of
testing. Statistical analysis revealed significant overall between-group differences between
formalin and vehicle, A1,21) = 9.4, p< 0.01, between CFA and vehicle, A1,21) =44.0, p<
0.001, and between CFA and formalin treated rats, A1,21) = 12.6, p< 0.002. Post-hoc
analysis revealed significant differences between vehicle and formalin treated rats at 15- and
30-min post-injection, A1,21) = 29.5 and 12.9 respectively, critical = 8.65. Post-hoc
analysis revealed a significant difference between vehicle and CFA treated rats at 3-h post-
treatment and for all subsequent time points, A1,21)>16.6, critical ~=8.65. There were no
differences in tail flick latencies at baseline (/< 1).

Fig. 4C shows the change in withdrawal thresholds to the calibrated von Frey hairs. Injection
with formalin induced a rapid decrease in response thresholds that persisted for at least 6 h.
CFA also induced a decrease in withdrawal response thresholds apparent within 2 h and that
persisted for the 7 days of testing. Statistical analysis revealed significant overall between-
group differences between formalin and vehicle, A1,21) = 37.4, p< 0.001, between CFA
and vehicle, A1,21) = 72.4, p< 0.001, and between CFA and formalin treated rats, A1,21)
213.9, p<0.001. Post-hoc analyses revealed significant differences between formalin- and
vehicle-treated rats at 80-, 200-, and 380-min post-treatment, A1,21) = 45.9, 43.4, and 20.3
respectively, critical /= 8.65, and between CFA- and vehicle-treated rats from 200 min
onwards, all A1,21) > 26.5, critical #= 8.65. There were no differences in withdrawal
response thresholds at baseline (all /5 < 2).

4. Discussion

Subcutaneous injection of formalin is widely used to model moderate continuous pain
generated by injured tissue, and induces a characteristic biphasic behavioural response (e.g.,
grooming, licking, flinching and protecting the injection site) lasting for approximately an
hour [30], and allodynia and hyperalgesia that may persist for weeks [27,42]. Subcutaneous
injection of CFA is a widely used model of chronic and progressive inflammatory or
polyarthritic pain with hyperalgesia and mechanical allodynia that develops within a few
hours or days and persists for many weeks [26,43,44]. Animals may begin to show
protective behaviours within a few days of injection with CFA [45]. Here we observed that
s.c. injection of formalin on the back produced a time-course of pain-indicative behaviours
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similar to those expressed when formalin is injected into the foot. These behaviours
persisted for an hour and were no longer observable by 2 h. CFA did not produce any
behavioural change in the rats during this period. In addition to the overt nocifensive
behaviours, formalin and CFA injected onto the back also induced thermal hyperalgesia in
the tail and allodynia on the feet. This effect began immediately and persisted for up to 6 h
after formalin, and began within hours and persisted for at least 7 days after CFA This is
consistent with previous observations that injection of formalin [27,42,46,47] or CFA
[45,48-50] into the foot, back or tail not only affects tactile and nociceptive sensitivity at the
site of injection, but also at non-injected sites. Importantly, this strongly suggests that
injecting formalin or CFA onto the lumbar region of the back recruits similar neuroplastic
events in the CNS that have been identified in previous studies as underlying the prolonged
hyperalgesia and allodynia induced by formalin or CFA injected in other locations.

The major novel finding of these studies is that post-conditioning experience with pain
disrupted memory in the Pavlovian fear-conditioning paradigm. Moreover, this effect
occurred with two different noxious stimuli: Formalin and CFA. It could be argued that
formalin or CFA-induced pain, hyperalgesia or allodynia produced some non-specific
change in the rats that interfered with their ability to demonstrate freezing at test. For
instance, persistent motivational or hyperalgesic effects of formalin or CFA may have
affected the freezing response at test. Or perhaps the results reflect a loss of state-dependent
learning as the animals were pain free during conditioning and may have experienced
persistent pain or hyperalgesia at test. However, these interpretations are unlikely. First,
formalin and CFA had a domain-specific effect on freezing: Freezing was only reduced in
the presence of the contextual cues but not to the CS. Second, all rats received a formalin
injection in Experiment 1B, yet only rats injected within 2 h after conditioning showed a
reduction in freezing to the context at test. It seems unlikely that any persistent motivational
or state-dependent effects of formalin or CFA would be both stimulus specific and
temporally graded with respect to time between conditioning and injection.

Rather, the present results suggest that pain interferes with the post-conditioning processes
that consolidate context conditioning into long-term memory. It has been suggested that this
requires two separate learning processes [23,24]. The first involves a relatively slow process
of integrating the diverse contextual cues into a unique mnemonic representation that can be
easily retrieved later. The second is the association of the context representation in active
memory with the fear motivational system. There are multiple lines of evidence for the
dissociation of these two processes in context fear conditioning studies, however the most
relevant for present purposes comes from studies investigating the effects of context pre-
exposure on fear conditioning. Rats that have had an adrenalectomy, or hippocampal lesions,
or that experience post-conditioning social isolation stress, morphine injections or bacterial
lipopolysaccharide-induced inflammation show reduced CX- but not CS-fear. However, pre-
exposing the rats to the context prior to conditioning can prevent these effects [35-37,51,52].
Similarly, rats that have had long periods of time to explore the context prior to the shock
(say, 120 s) show greater CX-fear conditioning than rats that are shocked shortly after being
placed in the context (<27 s). However, this immediate shock deficit can be reduced if the
rats have been pre-exposed to the conditioning context [40,41]. Taken together, these
observations suggest that pre-exposure sessions allow the rats time to encode a durable
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representation of the context into long-term memory, and this representation is then able to
be rapidly retrieved and associated with the foot shock during conditioning.

The fact that formalin pain did not affect CS-fear conditioning suggests that it did not impair
mechanisms that associate stimuli with the fear motivational system. Rather, Experiment 4
demonstrated that the facilitatory effect of pre-exposure on the immediate shock deficit was
reduced when context pre-exposure was followed by formalin pain. This suggests that pain
selectively impairs the processes that support the formation and storage of the contextual
representation.

Context conditioning depends on an intact hippocampus. Lesions of the hippocampus prior
to, or within 21 days of conditioning or post-conditioning hippocampal infusions of the
proinflammatory cytokine interleukin-1 beta (IL-1) impairs the expression of CX- but not
CS-fear at test [38,53,54]. Within the hippocampus, NMDA receptor-dependent plasticity is
critical for CX-fear conditioning: Intra-hippocampal infusions of antagonists against NMDA
receptors or genetic modifications of hippocampal NMDA receptors reduce CX-fear
conditioning [52,55]. More recently, it has been shown that the facilitation of immediate
shock by context pre-exposure can be reduced by post-exposure infusions of IL-1,
anisomycin or muscimol and is associated with changes in the expression of hippocampal
brain derived neurotrophic hormone (BDNF) [56-58].

Given this background, it is interesting to note that formalin and CFA increases activity in
the hippocampus as measured by fMRI or PET [59-61], c-fos expression [62,63], or
electrophysiological recordings of neurons [64,65]. Moreover, there is evidence that
formalin pain relies on similar hippocampal NMDA receptor-dependent neuroplastic
processes important for memory, because injecting lidocaine or NMDA receptor antagonists
in the hippocampus reduces formalin pain [66—68]. Indeed, formalin and CFA affect a range
of hippocampal processes thought to be important for learning and memory, such as BDNF
[69,70] and calcium/calmodulin-dependent protein kinase Il activity (pCaMK-1I; [71]), and
neurogenesis [72]. Importantly, formalin injected into the same region of the back used here
has been shown to cause widespread changes in c-fos activity in multiple regions of the
brain important for fear conditioning, such as the amygdala, medial prefrontal cortices, and
hippocampus [73].

It is noteworthy that although CFA and formalin both caused memory impairments, there
was a large difference in the pain-indicative behavioural responses to these stimuli. This
suggests that acute pain per se may not be necessary for the memory impairments observed
here. Indeed, similar context-specific temporally graded anterograde amnesia can also be
induced by post-conditioning experience with a diverse range of stressors or distractors that
do not cause pain. Immediate post-conditioning injection of morphine [34], bacterial
lipopolysaccharides [37] or live Escherischia coli [74], intracerebral infusions with
proinflammatory cytokines [56] all specifically reduce context fear conditioning. In addition,
context conditioning can also be reduced by experience with psychological stressors, such as
social isolation, after conditioning [36] or by the chronic administration of opioids beginning
days after conditioning [35].
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Rather, the pain-induced memory impairments may be due to the stimulation of CNS
mechanisms common to the responses to other stressors that are known to have negative
effects on cognition. There is a significant co-morbidity between chronic pain and various
anxiety and depressive disorders in people [75], and animal studies have shown that noxious
stimuli, including formalin and CFA, stimulate behavioural, limbic and neuroendocrine
activity characteristic of stress and depression [76—79]. Indeed, the effects of CFA on
hippocampal neurogenesis described above can be abolished by anti-depressants [80].
Moreover, formalin and CFA both stimulate the release of proinflammatory cytokines in the
brain [50,76,81] that have been shown to negatively affect pain sensitivity, mood and
cognition in other disorders [82]. Thus, pain-induced cognitive impairments may be the
result of the activation of a recuperative motivational state similar to that in the sickness
response. Therefore, it is not clear from these results whether it is the induction of pain per
sethat caused the memory impairments or whether the impairments are secondary to the
motivational and emotional changes that accompany pain.

Moreover, the time course of effects of formalin and CFA differed greatly. The amnestic
affects of formalin were only apparent if formalin injection occurred within 2 h of context
conditioning. However, immediate post-conditioning injection with CFA also reduced
context fear conditioning even though the behavioural effects of CFA injection took far
longer to emerge. This leaves the possibility that the effects of formalin or CFA injection on
memory occurred by different mechanisms. Some models of memory suggest that different
neurobiological processes contribute to the consolidation of memory at different stages after
an experience. For instance, memories may be initially stored as patterns of synaptic activity
in the hippocampus which, through processes involving long-term potentiation, protein
synthesis and synaptic plasticity, transition into different stores in various cortical structures
[83,84]. Thus, the possibility remains that the rapid and acute pain induced by formalin
affects different stages of the memory consolidation process than the more slowly
developing and chronic pain induced by CFA.

The results reported here are consistent with experimental reports with human subjects that
pain can interfere with memory. For instance, chronic pain patients (who reported pain
during testing) showed an overall reduction in learning a list of words compared to healthy
controls [18], and performance in healthy volunteers was also affected if they experienced
pain via the cold-pressor test during word list learning and/or during retrieval [18,20,21]. In
addition, Grisart and Van der Linden [17] showed that chronic pain patients had deficits in
memory tasks that required explicit control of memory rather than ones that relied on
automatic retrieval of information from memory. This is interesting given the central role of
the hippocampus in human declarative memory [85]. In fact, it should be noted here that the
amnesic patient H.M., who famously received a bilateral resection of his medial temporal
lobes to treat epilepsy and developed impairments in consolidating new information into
declarative long-term memory, was also largely indifferent to pain [86]. Given that the
present results suggest that pain has a specific effect on a hippocampal-dependent memory
system with a high information-processing load, it would seem that studying how pain
affects contextual fear conditioning in rats would provide essential insights into how pain
impairs memory in humans.
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Fig. 1.

(A.) Effect of s.c. formalin or saline (administered 1 h after conditioning) on freezing in a
test of conditioned fear to the conditioning contextual cues (CX) or to the tone conditioned

stimulus (CS) when tested in a different context. Pre-CS refers to freezing prior to the
being switched on in the CS test. (B) Effect of s.c. formalin when administered 0.5, 2,
32 h after conditioning on freezing in a test of conditioned fear to the conditioning
contextual cues (CX) or to the tone conditioned stimulus (CS) when tested in a differe
context. Pre-CS refers to freezing prior to the CS being switched on in the CS test.
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Fig. 2.
The effect of s.c. formalin or saline 1 h after pre-exposures to the to-be-conditioned context

on the ability of context pre-exposure to reduce the immediate shock deficit when
conditioning occurs the following day. Pre-exp refers to rats that had a session of five 2-min
exposures to the context on the day prior to conditioning. HC refers to rats that received
equivalent handling in their homecages on the day prior to conditioning.
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Fig. 3.

Tk?e effect of s.c. complete Freund's adjuvant (CFA) or incomplete Freund's adjuvant (IFA)
immediately after conditioning on the levels of freezing in a test of conditioned fear to the
conditioning contextual cues (CX) or to the tone conditioned stimulus (CS) when tested in a
different context. Pre-CS refers to freezing prior to the CS being switched on in the CS test.
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Fig. 4.

(A?) Intensity of observed pain behaviours following s.c. injection of formalin, CFA or saline
on the lumbar region of the back. (B) Change in tail flick latencies from baseline after a s.c.
injection of formalin, CFA or saline on the lumbar region of the back. (C) Change in paw
withdrawal thresholds from baseline in the von Frey test of mechanical allodynia after a s.c.
injection of formalin, CFA or saline on the lumbar region of the back. *Significant
difference between formalin- and vehicle-treated rats, #Significant difference between CFA-
and vehicle treated rats using Scheffé's test for post-hoc contrasts.
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