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The medial prefrontal cortex (mPFC) and the mediodorsal thalamus {MD) form intercannected neurai cir-
cuits that are important for spatial cognition and memory, but it is not known whether the functional
connectivity between these areas is affected by the enset of an animal model of inflammatory pain. To
address this issue, we implanted 2 multichannel arrays of electrodes in the mPFC and MD of adult rars

and recorded local field potential activity during a food-reinforced spatial working memory task. Record-
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ings were performed for 3 weeks, before and after the establishment of the pain model. Qur resulrs show
that inflammatory pain caused an impairment of spatial working memory performance thar is associared
with changes in the activity of the mPFC-MD circuit: an analysis of partial directed coherence between
the areas revealed a global decrease in the connectivity of the circuit. This decrease was observed over a

mPFC wide frequency range in both the frontothalamic and thalamafrontal directions of the circuit, but was

Mediodorsal thalamus

more evident from MD to mPFC. In addition, spectral analysis revealed significant oscillations of powel

across frequency bands, namely with a strong theta component thar ascillated after the onset of the pain-
ful condition, Finally, our data revealed that chronic pain induces an increase in thetajgamma phase
coherence and a higher level of mPFC-MD coherence, which is partially conserved across frequency
bands. The present resuits demonstrate that functional disturbances in mPFC-MD connectivity are a rel
evant cause of deficits in pain-related working memory.

2013 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

The most prevalent among the cognitive problems that com-
monly affect patients with chrenic pain syndromes are complaints
of memory failures. These are already widely described in the sci-
entific literature and are recognized today to constitute a problem
confined to the processes of short-term memory that require a sig-
nificant degree of cognitive complexity rather than generalized
memory loss [3,7,41.56]. This cognitive dysfunction in chronic pain
patients is both a crucial and paradoxical problem, since the etiol-
ogy of these disturbances is unknown,

The most common explanations for the onset of memary distur-
bances are (1) the prolonged regimens of medication acting cen-
trally at brain level [15] and {2} the possibility that sudden
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episodes of pain disrupt memory acquisition, leading to momen-
tary lapses of attention [18,20.28). However, neither of these
hypotheses explains the specificity of disruption to short-term
memories compared with declarative retrospective memories, or
the fact that the majority of the cognitive dysfunctions observed
in amimal models of chronic pain occur in the absence of prolonged
pharmacological habituation, We have previously proposed thart
the sensory overload typical of painful syndromes induces neuro-
physiological maladaptations in several areas of the limbic system,
and that this imbalance may be at the root of the functional
changes in cognitive processes dependent on these same areas, n
particular in processes for spatial memory acquisition [11], atten-
tion [54], and emotional assessment of risk [30,53,55). Additional
studies are necessary to understand the brain areas invoived in
pain-induced perturbations of cognitive functioning.
Neurophysiological studies in animals have demonstrated that
the neural activity of the medial prefrontal cortex (mPFC) is corre-
lated with working memory (WM) processes [5.22,32,62,77]. The
importance of the mPFC in memory processes is well known from
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human EEG and imaging studies [23,43,57,61). Anatomically, the
mPFC connects to the dorsal hippocampal CA1 field through the
mediodorsal thalamus {MD) {34.81] and this mPFC-MD-hippo-
campus circuit is known to be particularly engaged in spatial
WM [1,50]. The pivotal role of the MD in memory processes is sup-
perted by the fact that medial thalamic lesions in rats induce spa-
tial memory deficits and amnesia [27,45,46], while functional and
morphological changes in the human mPFC-MD circuit are ob-
served in pathological memory impairment [42,60,85],

However, no information exists on the contribution of the
mPFC-MD circuit-to the onset of cognitive impairment caused by
chronic pain, Qur interest was therefore to study how persistent
inflammatory conditions affect frontothalamic connectivity. For
this, we recorded the local field potentials (LFPs ) of mPFC~MD neu-
ral activity in freely moving rats in a spatial WM task before and
after the induction of an animal model of inflammatory pain: knee
Joint injection of complete Freund's adjuvant (CFAL

2. Materials and methods
2.1. Subjects and ethics statement

Twelve adult male Sprague-Dawley rats (275-325 £) were
used. The rats were maintained on a 12-hour light/dark cycle,
and all experimental procedures were run at approximately the
same time each day during the light portion of the cycle. During
training sessions all animals were food deprived to 90-95% of their
ad libitumn body weight. All procedures and experiments adhered
to the guidelines of the Committee for Research and Ethical Issues
of IASP [86), with the Ethijcal Guidelines for Animal Experimenta-
tion of the European Community Directive (201 0/63/CE), and were
approved by local boards, Al efforts were taken to minimize the
number of animals used in this study.

2.2. Apparatus and behavioral task

The behavioral, task consisted of a food-reinforced spatial alter-
nation task on a figure-eight maze, Fig, 1A presents a schematic
layout of the operant chamber. The total dimension of the arena
was 90 = 60 cm, with opaque Plexiglas corridors 15 ¢m wide and
walls 30 cm high with intramaze cues in the reward locations.
Starting from the center of the maze (C}. the rats were trained to
alternatively visit 2 reward sites (R} to obtain one chocolate-fla-
vored pellet (45 mg) that was automatically delivered by a pellet
dispenser {(Coulbourn Instruments, Whitehall, PA, UISA). After visit-
ing 1 of the reward locations, the animal had te continue forward
and cross again the central corridor before visiting the opposite re-
ward site; food rewards were not dispensed if the animal fajled to
cross the central corridor immediately before arriving at the re-
ward sites or if the animal made 2 consecutive visits to the same
reward site (arrows in Fig. 1A illustrate the pattern of correct maze
navigation}. Control of peliet dispensers was fully automated using
OpenControl software adapted to this particular task 12].

The behavioral arena was spatially divided into 3 analysis
zones: the “reward zones” were the 15 = 5 Cm corner areas where
the antmal received a pellet upon a correct alternation; the “delay
zones” comprised the area between the reward zones and the cen-
tral corridor; the “choice zone” was the area preceding the reward
zones and immediately following the central corridor. The testing
room was sound attenuated, moderately illuminated, and rich in
visual cues. During the training period the rats were given 3 daily
10-minute sessions to learn the alternation schedule until they
achieved at least 80% of correct funway alternations (Fig. 1B). An
error was defined by a consecutive visit to the same reward site
or the return route was the same as the approach route. Errors
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were not reinforced. After reaching this performance criterion
the animals were surgically implanted with 2 arrays of electrodes
(1 per area) for recording extraceljular LFPps,

2.3, Surgical procedures

Surgical procedures were the same as in our previous studies
{11,74), with the exception of the location of the intracranial arrays
of multielectrodes. After reaching the criterion levels for rask per-
formance (see Section 2.2) the animals were surgically implanted
with 2 multielectrode arrays. The arrays were oriented rostrocau-
dally and driven to the right side mPFC and right side MD using a
stereotaxic microdrive; advancement of the arrays was performed
while recording the populational neuronal activity to help the cor-
rect placement of the electrodes. Each microelectrode array in-
cluded 8 filaments (1 array per area) and isonel-coated tungsten
wire (35 pm i diameter) (California Fine Wire Company, Grover
Beach, CA, USA} with impedances varying between 05 and
0.7 MChms at 1 KHz. The arrays were constructed in 4 = 2 archirec-
ture, interspaced 250 pm between lines and 450 Hm between col-
umns. The following coordinates (relative to the bregma [58])
were used to center the arrays: mPFC (+2.2 mm rostrocaudal,
+1.0 mm mediolateral, —3.2 mm dorsoventral}, and MD { - 2.3 mm
rostrecaudal, +0.8 mm mediolateral, ~4.7 mm dorsoventral).

24. Inflarmatory pain mode!
After 7 days of recovery from the impiantation surgery animals

were retrained and recorded for 5 consecutive days (the control
period) while performing the runway alternation task in 2 daily

sessions of 10 minutes, The following day a persistent monoar-*

thritic inflammatory pain model [8] was induced by injecting
50 pL of CFA in the knee joint of the left side, contralateral to the
recording probe implantation, under xylazine and ketamine anes-
thesia {10 and GO mgfkg mixture, respectively) (n = G, hereafter re-
ferred as CFA animals). CFA was prepared by mixing 60 mg
desiccated Mycobacterium butiricum (Difco Laboratories, Oxford,
England) with paraffin oii {6 mL), saline (4 mL), and Tween 80
(1mL), A control group (n=6, SHAM animals} was performed
injecting the same volume of saline.

Animals were then recorded for a period of 16 days (with
recordings performed at days 4, 5, 6, 7. 11, and 16 after CFA injec-
tion). The sensory threshold for noxious stimulation was assessed
by placing the animals in cages with a metal mesh floor and touch-
ing the plantar surface of the Paw with von Frey filaments (Somed-
ic, Sweden) until slight buckling was caused, and maintained for G-
8 seconds as previously described | 14]. These measurements were
done 1 hour after the end of each neural recording session, before
and after CFA injection. Each filament was applied 10 times with an
interval of 5 seconds between stimuli, A positive response was
considered if the paw was sharply withdrawn or flinching oc-
curred. The sensory threshold was considered as a minimum of 5
positive responses. Nominal force values are presented in grams.

2.5. Netiral recordings

Extracelluiar LFPs were recorded from the implanted microwire
electrodes and processed by a 16-channel Multi-Neuron Acquisi- -
tion Processor (16-MAP, Plexon Inc., Dallas, TX, USA). LFp signals
recorded from electrodes were preamplified (500x ), band-pass Fi-
tered (0.5-200 Hz), and digitized at 500 Hz. An overhead video
tracking system (CinePlex, Plexon Inc.} was used to provide infor-
mation about the rat's location in the testing environment and,
to synchronize the behavior, video recordings with the acquired
neural data. For simplicity, only the signals obtained from the
CFA-injected animals were fully analyzed and are presented in this
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Fig. 2. Apparatus and hehavioral performance. {A) Schematic diagram of events in a figure-eight spatial alternation working memory (WM) task, Starting from the center of
the maze (C), the aninal had to alternately visit 2 reward sites {R){feeder A and B} to obtain chocolate-ftavored pellets. The animal was required to comse back to the center
from a given reward site before visiting the other reward site. The arrows indicare the direction of travel when going to the left and right goals. (B) The rats were given 3 daily
10-minute sessions to learn the alternation schedule until they reach at least 80% of correct runway alternations during a training period of 10 days. (C) Level of sensitivity 1o
mechanical stimulation evaluated using von Frey filaments. A large decrease was observed in the threshold required to induce 2 paw response after complete Freund's
adjuvant (CFA) injection, (D) Recording period performance for the spatial WM task. A significant decrease in performance level, total number of performed trials per session
(E). and running velocity (F) was observed after CFA injection. In addition, the animais spent more time navigating in the delay zone of the behavioral test after CEA injection
(G). and also increased their mean interval between 2 consecurive correct alternations (H), Values are means + SEM. Comparisons between concrol (CT) and postsurgery
recording sessions are based on Dwo-way rmANOYA (experimental groups x recording sessions), followed by a post hoc Bonferroni test. CFA, group injected in the knee joint
with complete Freund's adjuvant; SHAM, controi group injected with the same volume of saline. "P< 0.05, *"P < 0.01, and ***P < 0.001.

report. This study is a within-subject design in which the statistical average time of navigation across delay zone; and average interval
analyses are made comparing the neurophysiology signals re- between 2 consecutive correct alternations per session.
corded after the CFA injection with the baseline activity recorded .
before. After the end of all experiments the rats were deeply anes-  2.6.2. Power spectral density . ,
thetized and their brains were removed to perform the identifica- Neural activity data were processed and validated by offline
tion of recording sites under the microscope. In alt animals the  20alysis using NeuroExplorer 4 (NEX, Plexon inc.) and exported
mediat prefrontal electrodes were iocated in the most ventral re. '@ MatLab for complementary computational analysis. _
gion of the prelimbic cortex (bordering the infralimbic cortical The power spectral density (PSD) of MPFC and MD LFP signals
area) and in all animals the thalamic electrodes were located in ~ Was calculated between 1 and 50 Hz using the Welch method
the mediodorsal thalamus pars medialis. No animals were re- (MatLab .funcuon). with 512—p01[1t fas! Fourier transform of non-
moved from the study owing to misplacement of the recording ~ Overlapping 1 sec epochs (Hanning window). Data are shown as
electrodes. . the percentage of total PSD within the frequency range considered
(1-50 Hz). To characterize the theta/gamma spectral power ratios,
2.6, Data analysis the raw mPFC/MD LFPs were filtered in the theta (4-9 Hz) and
gamma (30-50 Hz) ranges using a zero-phase forward and reverse
2.6.1. Behavioral data Fligiral 4-pole Butterworth band-pass filter. Five frequency band
Custom MatLab (R14, MathWorks, Natick, MA, USA} and Python intervals were considered: 1-4 Hz (delta), 4-9Hz (theta), 9-
{v2.6] scripts were used to sort behavioral intervals based on previ- 13 Hz(alpha). 15-30 Hz {beta), and 30-50 Hz (gamma).

Ous or next trial outcome (correct vs incorrect), maze navigation
zone (reward, delay, choice zones), and by experimental session
tcontrol vs CFA). These measurements were calculated based on
tracking navigation vectors obtained from the behavior video record-
ings (see Section 2.5). Several parameters concerning the behavioral
performance and navigation maps were examined across experi-
mental sessions: percentage of correct alternations per session; total ot
number of performed trials per session: averaged running speed; COHyy = [Pyy " /{PuxPyy )

2.8.3. Squared coherence

In order to determine the spectral coupling among signals from
mPFC and MD recorded regions, we calculated the magnitude
squared cobherence (COH,,). The COH,y for 2 signals, x and y, is
equal to the average squared cross-power spectrum (P, ) normal-
ized by the averaged power spectra of the two signals:

Please cite this article in press as; Cardoso-Cruz H et al. Prefrontal cortex and mediodorsal thalamus reduced connectivity is associated with spatial work-
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Coherence assesses the strength of the linear velationship be-
tween 2 signals at every frequency £, and its value lies between 0
and 1. It estimates the degree to wihich phases and amplitudes
are dispersed at the frequency of interest, COH,y = 0 means that
phases and amplitudes are randomly dispersed among signal sam-
ples. Signals are perfectly coherent {COHy = 1) at a given fre-
quency when they have both a constant phase difference and a
constant amplitude ratio over the time considered. In this case,
the phases of signals x and y are identical, and the signals are com-
pletely phase-locked at this frequency,

2.6.4. Phase coherence

The phase c¢oherence (PCOH,,) of simultaneously recorded
MPFC-MD LFPs was evaluated calculating the Hilbert transform
of each LFP segment for the theta (4-9Hz} and gamma (30-
50 Hz} frequency bands. The phase angles of each signal segment
were extracted and wrapped between 0" and 360° and displayed
as a rose plot histogram. The whole rose plot (360°) was divided
in 60 bins of reselution (6°per bin), with each bin displaying the
respective population percentage. The Rayleigh test of uniformity
{P<0.01) was used to assess the resulting phase distributions for
deviations from the circular uniform distribution. The degree of
phase-locking was determined by calculating the concentration
around the preferred phase in the circular distribution, with its va-
lue lying between 0 and 1. PCOH,, = 0 indicates that phase values
at a particular frequency range are randomly distributed across the
time interval, while PCOH,, = 1 indicates that phase values are ex-
actly the same across the time interval, Phase coherence values are
inversely related to the Rayleigh P value, with PCOH,, = 0 standing
for uniform distribution. The CireStat MatLab toolbox [6] was used
for circular plotting, and circular statistics were calculated accord-
ing to Fisher [21],

2.6.5. Partial directed coherence

The statistical method of partial directed coherence (PDC) was
used to identify and quantify the information flow interactions
among the mPFC-MD circuits, The PDC method has been described
in detail elsewhere [4,11,12,66), Briefly, PDC is an alternative rep-
resentation of multivariate processes involving Granger causality
to uncover the frequency domains of direct influence. Its value lies
between 0 and 1, and it estimates the degree of functional connec-
tivity from one structure to another at a particular frequency
range. PDC = 0 can be interpreted as the absence of functional con-
nectivity and a high PDC, approaching 1, indicates strong connec-
tvity between the structures. This can be interpreted as the
existence of information flow from brain area source to target.

2.7. Statistical analysis

All averaged values are given as the mean * SEM. Statistical sig
nificance was accepted at the level of 5% Prism 3.0 software
(GraphPad )} was used for all statistical analyses. For multiple com-
parisons, one-way or two-way repeated measures analysis of var-
tance [rmANOVA} was used, and a post hoc analysis was carried
out when appropriate using the Bonferroni test, All measures were
averaged per recording days, except the control period, which was
represented by the average of the total recording sessions within
this period.

3. Results
3.1. Pain-refated behavior in spatial working memory task

Our results show that all animals developed mechanical allo-
dynia as indicated by a significant decrease in the mechanical force

needed to evoke paw withdrawal to von Frey filament stimulation
in the hindpaw ipsilateral to the CFA injection (two-way rmANO-
VA, groups: F,9,=403.00, P<0.0001; time: Fis.70) = 23.36,
P <0.0001; Fig. 1C).

As shown in Fig. 1D, the induction of chronic pain caused a sig-
nificant impairment of the performance level with respect to the
control  (SHAM) group ([two-way rmANOVA; groups:
Fr70y=53.17, P < 0.0001; time: Fig7q, = 8.99, P <0.0001 ). Post hoc
analysis revealed a significant decrease in the recording sessions
of days 4 and 5 after CFA injection {F < 0.001, Bonferroni test). This
observation was also accompanied by changes in the total number
of performed trials (two-way rmANOVA; groups: F;y 79, =23.75,
P<0.0001; time: Fgz0y= 7.25, P < 0.0001; Fig, 1E), and by changes
in the overall running speed (two-way rmANOVA; groups;
Fl70y= 2573, P<0.0001; time: Figg) = 9.57, P <0.0001; Fig. 1F}.
Post hoc analysis revealed that the CFA group perfermed fewer tri-
als during the recording sessions on days 4 and 5 (P < 0.01 ). Addi-
tionally, there was a significant decrease in the running velocity on
days 4 and 7 after CFA injection (P <0.05, P <0.01, P < 0.001, and
P <0.05, respectively).

Durtng WM tasks, performance depends on the maintenance of
retrospective memory of the previous response in order to plan
the immediate response, Our data show that after CFA injection .
the antmals spent more time navigating in the delay zone of the
testing environment (Fig. 1G}. ANOVA revealed significant statisti-
cal differences across experimental groups and recording sessions
(two-way rmANOVA; groups: F,7o,=64.11, P< 0.0001; time:
Fis70y=9.08, P<0.0001). An additional post hoc analysis demon-
strated an increase in the average time of navigation in the delay
zone for the CFA group. Another important measure was the aver-
age time interval between 2 consecutive correct alternations (or
trials), giving an idea of the level of improvement in the
performance of the animals (Fig. 1H). ANOVA revealed a signifi-
cant effect across groups and recording days (two-way rmANOVA;
groups: Fiy 70,=21.93, P <0.0001: time: Figz0, = 10.64, P < 0,0001),
which was increased particularly during day 4 (Bonferroni,
P<0,001).

3.2. Power oscillatory activity of the mPFC-MD circuit

Fig. 2 illustrates the mPFC (Fig. 2A) and MD (Fig. 2B) LFP power
spectral patterns across recording days during the execution of the
spatial WM task. Data were calculated separately for the 3 naviga-
tion zones described in section 2.2 previously, and only for the
CFA-injected animals.

For mPFC, significant differences were encountered across fre-
quency bands (two-way rmANOVA; reward zone: Fiaas0)=320.10,
P<0.0001; delay zone: Fia.150)=419.60, P <6.0001; choice zone:
Fa.150) = 146.00, P<0.0001) and recording sessions but only for
the reward zone (Fg,150y = 5.25, P < 0.0001; Fig. 2C). An additional ‘.
post hoc analysis revealed an increase of PSD in the delta {day 11,
P <0.05; day 16, P<0.001) and theta (day 16, P < 0.001) frequency
bands for the reward zone; a decrease in the theta band (days 4,
5. and 11, P<0.001} and an increase in the alpha band (day 11,
£ <0.01) for the delay zone; and an increase across the theta band
for the choice zone (day 5, P < 0.01; and P < 0.001 for the remaining
days).

For MD, significant differences were encountered across fre-
quency bands (two-way rmANOVA; reward zone: Fiaser = 247.20,
P<0.0001; delay zone: Fia150y= 265.10, P <0.0001; choice zone:
Fra.s0=57.27, P<0.0001) as well as across recording sessions for
the reward and choice zones (Fis,1501=2.32, P=0.0361; and
Fe.150) = 2.64, P = 0.0184, respectively, Fig. 2D). Post hoc analysis re-
vealed an increase in theta band power for the reward zone (day 6,
P<0.05; day 7, P < 0.001; day 11, P < 0.05; day 16, P < 0.001); a de-
crease in the theta band (day 4, 7 <0.001; day 5, P < 0.001; day 11,

Please cite this article in press as: Cardoso-Cruz H et al. Prefrontal cortex and mediodorsal thalamus reduced connectivity is associated with spatial work-
ing memory impairment in rats with inflammatory pain. PAIN® (2013), http:/fdx.doi.org/10.1016/j.pain.2013.07.020




H. Cardoso-Cruz et al./ PAIN 00t (2013) 3000200 5

A reward RE]CE]R

50
- 40
T
7 ® 2
£ » o
H E
o0
0
CT 4 5 ] 7 " 16 CT 4 5 6 7 1" 16 CcT 4 £ -] 7 11 16
Recording sessions (days) Recording sessions {days) Recording sessions (days)
Bso 20
- 40
g _
- fus]
a0 °
1 §
£ g
[T} [+
CT 4 5 6 ? i1 18 CT 4 5 6 7 11 16
Recording sessions (days) Recording seasions {days)
C 100 100 100
-~ deka
804 804 804 " - - theta
Q o X o -
2 2 £].. "i\m/' 4 Pl L o o e
7 | = % \I/! ' i 3 g Lo
B z Feeg—" B - 5 T 0. = gamma
apd * - g—E— 49— -—l-__. 40+ 3 404
N N O s il [ S0 Y = SN N I £
a® . == —3 o1 - 1 .
20 I ‘-»...__ 20+ L 204 0“'!'=='--=‘—_-'>-‘:-.,
ol i —t=—0 o o4 = = o= =g
CT 4 5 ] 7 18 cT 4 5 [] 7 1 16 T 4 5 6 7 i1 16
Recording sessions (days) Recording sessions {days) Recording sessions (days)
D o 100 100 - deka
80+ 80 80 = lheta
Eﬂ e § 3 3 /l E P - 2pha
— 604 e a — 604 E Eea = 60 -+ beta
. x N s s
g !_-—i—.!/ g \I/! KA g !--..I/!"-.!__!_._i_—-! g += gamma
% 404 l‘—':i_—i_/_'! i % 404 3 i g 404
® Bk Rt ® i *® +§—0o—F—zg—E—
204 _,.._‘__.,I__’_[ 0] ef e s ==L >, i XTI Z2izRT, 0
o !_-1-—- D - 0.___,!_____” .. ey — G~ —
€T 4 5 6 7 11 18 ¢t 4 5 6 7 11 16 CT 4 5 & 7 11 18
Recerding sessions (days) Recording sessions (days) Recording sessions {days)
500 # Reward 500 =+~ Reward
-.g. 400+ & Delay %400' -~ Delay
§ & -a= Choice 0 © =a= Choice
ano- /} e ano- o
Gzoo-} \\\/ DE' & 2004 /]:\ _11=
3 N / . 3 i ../I L
2o N 2 SR DN / 2 1004 SR ) !
olpize 3 olel gy > i, ,
CT 4 5 6 7 11 186 CcT 4 5 ] 7 11 16
Recording sessions {days) Recording sessions {days)

Fig. 2. Power oscillatory activity of the medial prefrontal cortex (mPFC) and mediodorsal thalamus {MD). The power spectral density (PSD] of local field potentials {LFPs)
normalized by the percentage of total power within the frequency range analyzed (1-50 Hz) for mPFC {A) and MD (B) LFP signals, comparing the control period (CT) and after
CFA injection. Data were presented individually across the 3 considered navigation zones of the behavioral task. The inspection of PSD revealed 2 strong theta-range
component that was present during execution of the behavioral task, which oscillated across pain condition onset. In terms of frequency bands, significant differences were
encountered after CFA injection, namely across the delta, theta, and alpha bands for mPFC (C) and MD (D). In terms of theta/gamma spectral power ratios, significant
differences were encountered for navigation in the reward and choice zones but not for the delay zone during the pain period (E). Five frequency bang intervals were
considered: 1-4 Hz (delta), 4-% Hz (theta), 9-15 Hz (alpha}, 15-30 Hz (beta). and 30-50 Hz (gamma). Values are means + SEM. Comparisons between control (CT} and
postsurgery recording sessions are based on two-way rmANGVA (frequency bands x recerding sessions) and one-way rmANOVA for panel E data, followed by a post hoc
Bonferroni test, P <0.05, **P<0.01, and """P < 0.001.
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P <0.001}) and an increase in the alpha band (day 11, P < 0,05 for
the delay zone: and an increase across day 5 (P < 0, 001) and a de-
crease across day 11 (P < 0.05) in the theta band during the naviga-
tion across the choice zone after CFA injection,

Fig. 2E shows the results of the theta/gamma power ratio anal-
ysis. In the case of mPFC, significant differences were observed for
the reward zone (one-way rmANOVA; F, 6351=6.93, P<0.0001)and
the choice zone (Fig 35, = 5.62, P = 0.0004) but not for the delay zone
(Fie.3s1 = 2.05, P = 0.0845). In addition, post hoc analysis showed an
increase in the theta/gamma power ratio with respect to the con-
trol period at day 6 (choice zone, P < 0.001; Bonferroni test) and
day 16 after CFA injection (reward zone, P < 0.001), In the same
manner there were differences in MD activity in the reward zone
(F635)=4.91, P=00010} and choice zone (Fgas=4.16,
P=10.0029), while the delay zone activity remained without signif-
icant differences with respect to the control period {Figssi=1.58,
P=0.1828). Post hoc analysis revealed an increase of the theta/
gamma ratio on day 5 (choice zone, P <0.01) and day 16 (reward
zone, P <0.001) after CFA injection.

3.3. Osciflatory interactions between mPFC and MD

The coherence activity of stmultaneously recorded mPFC and
MD LFP channels in the CFA-injected animals are illustrated in
Fig. 3A. Statistical differences were observed across frequency
bands (two-way rmANOVA; reward zone: Fqysq0)=5.83,
P=0.0019; delay zone: F41s0,=13.54, P<0.0001; choice zone:
Fia.150)= 1946, P<0.0001) and recording days {reward zone:
F(S,ISO] =15.71, P <0.0001; de]ay Zone: F,s_ug) =033, P<0.0001;
choice zone: Figys0)=2.50, P=0.0246) (Fig. 3B). In addition, post
hoc analysis revealed an increase of coherence activity in the delta
frequency band on day 7 postinjection {reward and delay zones:
P<0.01, Bonferroni test) and a decrease in the alpha and beta
bands across days 11 (both bands, P<0.05) and 16 (P <0.01 and
P <0.001, respectively) for the reward zone {Fig. 3B).

Fig. 3C shows an example of the magnitude of the average
theta and gamma phase coherence oscillations between mPFC
and MD during navigation in the choice zone of the arena
(Fig. 3C). Data represent the comparison between the control
period (CT) and day 6 after CFA injection. The rose plots present
a narrow range of phase coherence in both measured frequency
bands, indicating a high degree of phase synchronization of
mPFC-MD activity (Fig. 3C):; this suggests a broader coordination
of theta and gamma circuit activities, Indeed, all phase distribu-
tions are significantly nonuniferm (circular concentration
coefficient, ¢»=0.23/0.68 for the theta band and @=0.21/0.44
for the gamma band, respectively; P<0.01, Rayleigh test of
uniformity,

A more detailed illustration of the mPFC-MD signal phase
coherence interactions across the recording sessions is presented
in Fig. 3D. In the case of the reward zone, ANOVA revealed no dif-
ferences for the theta band and differences for the gamma band
during recording sessions after CFA injection (one-way rmANOVA;
Fie3s) = 3.31, P = 0.0109). With respect to the delay zone, significant
differences were encountered for both frequency bands across
recording sessions (theta: Fias,=2.91. P=0.041; gamma:
Fre35,= 3.36, P=0.0101). Post hoc analysis revealed an increase of
phase coherence during day 16 for theta (P < 0.05, Bonferroni test)
and a decrease for gamma (P < 0.05; Fig. 3D). [n addition we found
significant differences for both frequency bands during navigation
in the choice zone (theta: Fisas,=2.75, P=0.048; gamma:
Fieas, = 3.09, P = 0.0155; Fig, 3D). For the theta band, post hoc anal-
ysis revealed an increase in phase coherence during day 6 after CFA
injection (P < 0.05), and for the gamma band an increase during
days 5 (P < 0.05), 6 and 16 (P < 0.01; Fig. 3D).

3.4. Pain-induced disruption of connectivity between mPFC and MD
during the spatial working memory task execution

The changes in mPFC-MD circuit information flow during the
execution of the spatial WM task by the CFA-injected animals were
determined by PDC analysis (Figs. 4A and B). in the case of the MD
to mPFC direction, statistical differences were observed across fre-
quency bands (two-way rmANOVA; reward zone: Fiy 5oy =4.34,
P=0.0084; delay zone: Fyis0)=6.15, P=0.0014; choice zone:
Feais0:=36.61, P<0.0001) and across recordings days (reward
zone: Figiso;=141.50, P<0.0001; delay zone: F 50 =47.66,
P <0.0001; choice zone: Fg 50, = 162.6, P < 0.0001). Post hoc anal-
ysis revealed that the PDC level after CFA injection decreased in
comparison to the control period, This was observed in all fre-
quency bands for the reward zone (Bonferroni test, P < 0.001; and
P<0.01 for the beta band at day 11); for the delay zone [from
the theta to the gamma bands across all recorded days and for
the delta band across days 6 and 7, P <0.001); and for the choice
zone (all bands, P < 0.001; Fig, 4C. :

In the case of the mPFC to MD direction, statistical differences
were observed across frequency bands (two-way rmANOVA; re-
ward zone: Fiqs0;=9.29, P<0.0001; delay zone: F4 50 = 66.66,
P <0.0001; choice zone: Fiqys0,=134.60, P<0.0001) and across
recording days (reward zone: Fg;s0,=22.71, P<0.0001; delay
zone: Figys0;= 1037, P<0.0001; choice zone: Figis0 =29.21,
P <0.0001}. In addition, post hoc analysis revealed that the PDC le-
vel in the case of reward zone after CFA injection increased in the
alpha band at day 4 postinjection (Bonferroni test, P < 0.01) and de-
creased in all considered frequency bands during day 16 (delra;
P <0.01, theta: P<0.05, alpha: P<0.01, beta: P< 0.01, and gamma:
P <0.05}. A significant decrease in the PDC level with respect to the
control period was observed in the delay zone across the theta anc
alpha bands. In the choice zone, the PDC levels decreased for the
alpha, beta, and gamma bands across all recording sessions; for
the delta band only across day 4; and for the theta band only dur-
ing days 11 and 16 after injection (Fig. 4D). Taken together, the
overall decreases in PDC level show the CFA injection disrupted
the information transmitted along the mPFC-MD circuit during
the execution of the WM task.

4, Discussion

Ir: this study we report how the induction of chronic pain affects
the patterns of mPFC-MD activity by examining LFP activity while
rats performed a spatial alternation WM task. The behavioral task
used in the present study is a classical spatial WM task, in which
the animals need to maintain in memory the location of the previous
reward in order to execute the next goal-oriented decision. These re-
sults expand our previous demonstration of pain-induced disruption
of WM processing and suggest that the medial thalamus ptays a piv-
otal role in the prefrontal-hippocampal connectivity [11].

Our behavioral data showed an impairment of spatial WM per-
formance after the induction of the inflammatory chronic pain
model. These results are in agreement with preclinical animal
model studies [9,25,36,38,64] and clinical studies |35,39,41,70]
that have shown that persistent pain affects WM. A comprehensive
review of the cognitive effect of pain has been published elsewhere
[49].

The observed performance impairment was also accompanied
by changes in the oscillatory and connectivity patterns of the
mPFC-MD circuit, The most relevant finding of the present study
is that the onset of chronic pain caused a global decrease in
mPFC-MD circuit connectivity as measured by PDC |4,66], indicat
ing that less information is processed by the circuit. More impor-
tantly, this decrease occurs over a wide frequency range and in

Piease cite this article in press as: Cardoso-Cruz H et al. Prefrontal cortex and mediodorsal thalamus reduced connectivity is assoctated with spatial work-
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Fig. 3. Oscillatory and interaction activity of the medial prefrontal cortex-mediodorsal thalamus (mPFC-MD) circuit. Squared coherence and phase coherence of mPFC and
MD simultanecusly recorded local field potential (LFP) signals. Data were presented individually across the 3 considered navigation zones of the figure-eight behavioral task.
The mPFC-MD LFPs showed higher levels of coherence activity during the navigation zones considered (A), which were partially conserved across frequency bands (B).
Examples of theta (red) and gamma (gray} LFP phase distributions (C), comparing the control period (CT) and day 6 after injection of complete Freund's adjuvant (CFA), for one
rat during the navigation across the choice zone of the figure-eight sparial working memory task, The numbers in the bottom-right corner of each rose plot indicate the
cireular coefficient (), and the respective level of significance (Rayleigh uniformity test, P < 0.01). The level of mPFC/MD LFP signal phase coherence across the recording
sessions (D). Note that different phase distributions were observed for the theta and garmma frequency bands in each navigation zone. Values are means * SEM. Five frequency
band intervals were considered: 1-4 Hz (delta). 4-9 Hz (theta), 9-15 Hz (alpha), 15-30 Hz (beta), and 30-50 Hz (gamma). Comparisons between the control period (CT) and
postsurgery recording sessions are based on two-way rmANOVA (frequency bands x recording sessions) and one-way rmANQOVA for panel D data, followed by a post hoc

Bonferroni test. *P < 0,05, *"P < 0.01, and *""P < 0.001.

both directions of the circuit, albeit more evidently from MD to
mPFC. We note that this study uses a within-subject design in
which the statistical analyses were made comparing the pain-in-
duced neurophysiology with the baseline activity recorded before
the injection of CFA.

It has previously been reported that alterations in the functional
connectivity of the mPFC-MD-hippocampal circuit transfate to
implications for memory processing [22,45.46,83]. However, no

information exists on the possible role of the mPFC-MD circuit in
pain-induced memory deficits. Neural activity in the mPFC is
known to be modulated by pain [17,71], and there is morphological
and functional reorganization in the mPFC region under neuro-
pathic pain conditions |29,44). Neural activity in the hippocampus
has also been shown to be affected by persistent pain [10,33,51).
At the circuit level, the mPFC and dorsal hippocampus are indi-
rectly connected through the MD and cthe supraspinal projection
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Fig. 4. Connectivity patterns of the medial prefrontal cortex-mediodorsal thalamus {mPFC MD] circuit. The oscillations of connectivity between the 2 recorded brain regions
were determined by partial directed coherence {PDC) analysis; (A) from MD to mPFC and (B} from mPFC to MD. Data were presented individually across the 3 navigation

zones considered in the figure-eight behavioral task. A global decrease in connectivity was obse
information was processed in the mPFC-MD circuit. The main disturbances occurred from MD 1o

rved after the induction of the inflammatory pain model, indicaring that less
mPFC(C) and over a wide frequency range, whereas in the opposite direction

fewer changes in the PDC level were observed (D). Values are means + SEM. Five frequency band intervals were considered: 1-4 Hz (delta), 4-9 Hz (theta), 9-15 Hz (alpha),
15-30 Hz (beta), and 30-50 Hz (g2mma). Comparisons between the control period (CT) and postsurgery recording sessions are based on twe-way rmANOVA (frequency
bands x recording sessions), followed by a post hoc Bonferroni test, *P < 0.05, *"P < 0.01, and "*P < 0.001.

of spinothalamic pathways, suggesting that the MD is a relay in the
medial pain system and plays an important role in the affective and
motivational aspects of pain processing [37]. It has been reported
that MD neurons respond to noxious stimulation [19] and display
pain-induced c-fos expression [59.79]. Our data show that the main
disturbances in the information balance occur in the MD to mPFC
direction, suggesting that the information that reaches the mPFC
from the MD is modified during nociceptive stimulation or that jt
is insufficiently integrated by the mPFC, Also importantly, the
MD shares large projections to the anterior cingulate cortex
[13.82], which is a forebrain area particularly invoived in process-
ing the affective-motivational aspects of pain [63,72,80,84), and
stimulation of MD thalamic region evokes unit and field responses
in the anterior cingulate cortex [24].

With regard to the spectral power properties of LFPs, we found
that the mPFC and MD shared similar patterns. In both cases a
strong theta-range component was encountered during the behav-
joral task execution, particutarly for the delay and choice zones,
which oscillates after the onset of the pain condition. Another
important aspect was the theta/gamma spectral power ratios,
which increased in the pain peried for both recorded regions dur-
ing navigation in the reward and choice zones but not in the delay
zone. Additionally, LFP activity showed higher levels of coherence
that were partially conserved across the frequency range studied
(1-50 Hz} after induction of the chronic pain condition, With re-
spect to theta and gamma phase coherence oscillations, we found
that the phase oscillation of the signals was partially preserved
during navigation through the reward locations but increased in

Please cite this article in press as: Cardoso-Cruz H et al, Prefrontal cortex and mediodorsal thalamus reduced connectivity is associated with spatial work-
ing memary impairment in rats with inflammatory pain. PAIN® (2013), http:{{dx.doi.ors/10.1016/j.pain.2013.07.020




H. Cardoso-Cruz et al./ PAIN' xxx (2013 xxx-xxx 9

the theta band for the delay and choice zones, An intensification of
theta-range coherence has been described during the execution of
WM tasks using human EEG recordings in frontal brain regions
[52] and the hippocampal formation [78]. These theta rhythms
are believed to be necessary to orchestrate spatial memories. Ro-
bust hippocampal theta rhythm coordination has been reported
to be crucial for phase-firing patterns of frontohippocampal circuit
neurons [26,31,73,75), which are largest when spatial WM demand
increases. Another important point is the interactions of theta
oscillations with higher frequency oscillations in the gamma range,
Together, these oscillations allow multiple memories to fire during
each theta cycle but in a way that preserves the temporal order of
the memories [40]. This suggests that the timing scheme organized
by theta/gamma oscillations may be a general brain code for stor-
ing multiple items in order, In fact, the increase in theta power, or
the decrease in gamma power, have been proposed as markers of
cognitive decline |16,47,48,65,76]. It should be noted that our re-
sults confirm an increase of the theta/gamma power ratio, which
is correlated with a reduction in behavioral performance. In fact,
this modification could be driven by a pathological imbalance of
the intrinsic characteristics of the thetajgamma peak that cccurs
in both recorded regions after the onset of the pain model. For
example, an increase in theta EEG power, an increase in peak oscil-
lations, and enhanced coherence in thalamocortical modules have
all been reported in neurogenic pain patients, and these changes
are correlated with a disruption of WM performance in the pa-
tients {67-69].

In summary, our neurophysiological recordings of mPFC-MD
connectivity obtained from awake behaving rats performing a spa-
tial alternation task show that the onset of an inflammatery pain
model caused a global decrease in frontothalamic connectivity that
accompanies the deficit in WM performance. This disturbance in
the mPFC-MD circuit expands our previous report of a similar de-
crease in connectivity between the prefrontal cortex and the hip-
pocampus [11]. This broad change in neurophysiolagical activity
suggests that the prefrontal cortex plays a pivotal role in the
impairment of cognitive functicning that is an important compo-
nent of the decrease in quality of life experienced by chronic pain
patients,
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