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Abstract

Most brain mapping techniques require immobilization of the subject, which extinguishes all but
the simplest behaviors. We applied in freely moving rats an implantable microbolus infusion
pump (MIP) which can be triggered by remote activation for the injection of the cerebral blood
flow tracer [14CJiodoantipyrine during behavioral activation. Consistent with previous
electrophysiological, metabolic and brain anatomic studies, CBF-related tissue radioactivity (CBF-
TR) increased in acoustic cortex during a 1000 Hz/8000 Hz alternating tone. In response to an
acute foot-shock, CBF-TR increased in visual cortex, parietal association cortex, and extended
into primary motor cortex, and primary somatosensory cortex mapping the trunk. These results
support the utility of implantable pumps as adjunct tools for studying cerebral activation during
behavioral challenges in nontethered, nonrestrained animals.
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Most methods for functional neuroimaging in animals require immobilization or tethering of
the subject, which themselves represent a significant stressor or potential confound to the
interpretation of brain function [12]. We recently reported the design of a self-contained,
implantable microbolus infusion pump (MIP) which can be used to administer an
intravenous bolus of the cerebral blood flow tracer [1*CJiodoantipyrine by remote activation
[7]. We now explore the ability of the MIP as a tool for mapping cortical activation in
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nonrestrained, nontethered rats in response to an acoustic challenge, or to the stress of acute
electric foot-shocks.

Male Sprague-Dawley rats (350-375 g, Harlan Sprague-Dawley Labs, Indianapolis, IN)
were used under an institutionally approved protocol. The design and surgical implantation
of the MIP have been previously described [7]. In brief, the MIP consists of four
components in series: (1) an intravenous catheter, (2) a silicone embedded solenoid valve
powered by lithium batteries and gated by a phototransistor, (3) an ejection chamber
containing the radiotracer, and (4) a silastic reservoir containing a euthanasia solution. The
phototransistor with peak sensitivity in the near infrared (NIR) spectrum allows for
transcutaneous triggering of the pump with an external NIR light because the skin is
semitransparent to NIR light, and NIR light is behaviorally noninvasive in rodents who are
largely insensitive to these wavelengths [11]. Upon triggering, the microvalve opens,
allowing the hydraulic pressure from the reservoir to release first the radiotracer into the
animal’s circulation, followed a few seconds thereafter by a euthanasia agent (1.0 ml
pentobarbital 50 mg/kg, 3 M potassium chloride). Injection of the euthanasia solution results
within ~12 s in cardiac arrest and termination of brain perfusion [7]. Regional cerebral blood
flow tissue radioactivity is determined thereafter in brain slices using autoradiography.

To implant the MIP, rats were maintained under halothane anesthesia (1.3%). The right
external jugular vein was cannulated with a 3.5-F silastic catheter, tunneled to the dorsum of
the animal and connected subcutaneously to the MIP. On postoperative day 5, each animal
was immobilized for 5 min in a rodent restrainer. The MIP was loaded through a
percutaneous port with [14Cliodoantipyrine (100 pCi/kg in 300 ul of 0.9% saline, Amersham
Biosciences, Piscataway, NJ). Thereafter, the euthanasia solution was loaded into the
reservoir.

Acoustic challenge experiments were performed in a sound-attenuating chamber, containing
a behavioral cage (30 x 30 x 50 cm), whose floor consisted of stainless steel rods 8 mm
apart. Four panels of infrared light emitting diodes were situated to illuminate the cage
interior from above. Background noise inside the cage was measured at 52 dB, and
loudspeakers were placed above the cage for use during the acoustic challenge. Rats were
randomly assigned to one of two groups: (i) Tone (n=9), and (ii) No tone (unstimulated
controls, n=12). The acoustic challenge consisted of a 1000 Hz/8000 Hz continuous,
alternating sequence of 250-ms pulses with an intensity of 75 dB (recorded 10 cm above the
cage floor) [3]. Animals were habituated to the chamber in darkness and silence over 40
min. Thereafter, for rats exposed to the auditory stimulation, the tone sequence was played
for 20 s, after which the infrared lights turned on to trigger the pump, while the tone
continued during infusion of the radiotracer and euthanasia. Monitoring inside the cage by
an infrared-sensitive CCD camera confirmed that animals were at rest during the period
preceding the radiotracer infusion.

Electric foot-shock experiments were conducted in the above-mentioned behavioral cage,
under indirect low-level fluorescent lighting and 62 dB of background noise. Rats were
randomly assigned to: (i) animals (n = 9) exposed to six electric pulses (1 mA, 0.5 s
duration, 8 s between shocks) administered as a scrambled shock through the stainless steel
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floor; (ii) controls (n = 7) exposed to the behavioral cage without the shock. Animals were
habituated to the chamber over 40 min, after which they were exposed to the electric shock
or the control condition. Foot-shock typically would elicit a startle response, with
accompanying jump and vocalization. Immediately following the final shock or control
condition, the infrared lights turned on to trigger the pump.

Cerebral blood flow related tissue radioactivity (CBF-TR) was measured by rapid injection
of an intravenous bolus of [**CJiodoantipyrine [9,13]. In this method there is a strict linear
proportionality between tissue radioactivity and cerebral blood flow when measurements are
made within a brief interval (~10 s) following injection of the radiotracer. Following
injection of the tracer and subsequent euthanasia, brains were rapidly removed, flash frozen
in methylbutane at =70 °C, and cut in a cryostat at —20 °C in 20-um-thick coronal sections.
Positions relative to bregma of sections selected for autoradiographic analysis are described
in Tables 1 and 2, respectively, for the acoustic and foot-shock paradigms. Sections were
exposed on glass slides for 2 weeks at room temperature to Kodak Ektascan films along with
radioactive 14C standards (Amersham Biosciences). Optical density in the cortical mantle
was measured with Image Pro-Plus software (Media Cybernetics, Silver Spring, MD).
Cortical regions were identified using an anatomic atlas of the rat brain [14], and transcribed
to a visual template. Six to ten optical density measures, spaced in 15 angular degree
intervals from midline along the cortical rim, were taken per hemisphere for each slice.

As lateralization was not seen in the autoradiographs, tissue radioactivity values were
averaged at each location across the hemispheres. Group means and standard deviations
were calculated for each location, each slice (all locations in a given slice), and globally (all
locations in all slices). Tissue radioactivity group differences in slice and global averages
were assessed by t-tests (two-tailed, P < 0.05). In addition, a Z-score transformation was
performed on the tissue radioactivity data to produce patterns of regional tracer
concentrations for each animal [2]. Regional CBF Z scores of animals exposed to the
acoustic challenge or to the foot-shocks were compared to their respective controls using t-
tests (two-tailed, P < 0.05).

Animals exposed to the auditory challenge compared to controls showed a redistribution of
CBF-TR, with significant increases in Z scores in auditory and perirhinal cortex, and a
significant decrease in barrel field cortex (P < 0.01, Fig. 1A and Table 1). There were no
significant changes in frontal, occipital or allocortex (olfactory, piriform, entorhinal), or the
cortical amygdaloid nucleus.

Animals exposed to the foot-shock also showed a redistribution of CBF-TR compared to
controls (Fig. 1B and Table 2). Significant increases in Z scores (range P < 0.005 to P <
0.05) were seen in lateral primary visual cortex, as well as all of secondary visual cortex,
medial primary motor cortex, parietal association cortex, and primary somatosensory areas
mapping the trunk. Significant decreases in Z scores (range P < 0.005 to P < 0.05) were seen
in lateral primary motor cortex, anterior-lateral aspects of secondary motor cortex, prefrontal
association cortex, primary somatosensory cortex mapping the jaw/oral region, the
forelimbs, and posterior areas of the barrel fields, as well as secondary somatosensory cortex
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and lateral auditory cortex. There were no statistical differences between the shock and
control group (or the acoustic group and its control group) in non-transformed CBF-TR.

Our results during the auditory challenge confirm classical electrophysiological and
metabolic studies [3,6, 15] of functional activation of auditory cortex during tone exposure,
as well as work by LeDoux et al., who in immobilized rats using [**Cliodoantipyrine,
demonstrated increases in cerebral blood flow in the auditory area of the cortex [10].
Responses in rat auditory cortex are typically narrowly tuned to sound frequency and are
organized in a precisely tonotopic fashion. The largest increase in CBF-TR in our study was
noted in the caudal portions of auditory cortex. This area has been shown by others using
microelectrode mapping techniques to represent sound frequencies in the lower four octaves
(from ~0.5 to 8 kHz), consistent with the frequencies used in the current auditory challenge

3]

Changes in functional activation of the cerebral cortex during acute stress have previously
not been examined extensively. Generalized increases in brain [14C]2-deoxyglucose
utilization have been previously reported in tethered rats exposed to 10 min [1] or 45 min [5]
of intermittent foot-shock. In our study, delivery of six foot-shocks in less than 1 min to
freely moving animals resulted in a distinct pattern of cortical activation. Increases in CBF-
TR centered about visual cortex and parietal association cortex, and extended into primary
motor cortex (posterior medial), and primary somatosensory cortex mapping the trunk. The
dominant activation of visual cortex suggests extensive visual scanning of the animal of the
cage, possibly for purposes of locating an escape route. The pattern of activation of motor
cortex is consistent with the motor jumping response elicited in the animal in response to the
shock. This pattern appeared most robustly in posterior primary motor cortex, and differed
from that reported by us in an additional independent validation of our methods in rats
walking on a treadmill [8]. During treadmill walking, CBF-TR increases most significantly
in anterior primary motor cortex, with additional increases in primary somatosensory cortex
mapping the forelimbs, hindlimbs and trunk, as well as in secondary visual cortex [8]. In the
foot-shock paradigm, decreases in CBF-TR were also noted in primary somatosensory
cortex mapping the jaw, secondary somatosensory cortex, as well as the lateral barrel fields,
suggesting a possible redistribution of blood flow away from these areas.

There were no significant changes in CBF-TR in the cortical amygdaloid nucleus in
response to shock. A large body of literature has documented the importance of the
amygdala in the formation of conditioned fear memory, as elicited by footshock. This
discrepancy may be understood in light of the fact that conditioned fear memory, usually
tested at 24 h after shock delivery, appears mediated by actions in the basolateral complex
and central nucleus, rather than in the cortical nucleus of the amygdala [4].

Our study shows that remote activation of an implantable infusion pump allows
administration of a radiotracer without the need for tethering or immobilization. Results
from our earlier studies suggest that use of the MIP can achieve a temporal resolution of ~12
s [7,8], and autoradiography typically offers a spatial resolution of 0.1 mm. For behaviors in
small animals that can be sustained on the order of 10 or more seconds, the MIP opens the
possibility for exploration of functional brain activation of complex behaviors involving
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imal locomotion, which have remained largely inaccessible to other brain mapping

techniques.
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Fig. 1.
Maps of the color-coded average Z-score differences for (A) rats exposed to an acoustic

challenge and control animals exposed to no tone, i.e. Z scoretgne MINUS Z SCOrecontrol; @nd
(B) rats exposed to electric shock and control animals, i.e. Z scoregngck Minus Z scorecontrol-
In these two-dimensional maps of the flattened cortex, the x- and y-coordinates are obtained
from measures of the anatomical distances within the autoradiographs. The x-axis
(locations) represents lateral distance from the midline (in mm) along the cortical rim within
a slice. The y-axis (slices) represents coronal slices, numbered from rostral to caudal, with
distance relative to bregma in millimeters (positive values being rostral to this landmark).
Coronal sections used to generate the figures are described in Tables 1 and 2. To avoid
discontinuities in the graphic representation, the space between each coronal slice and the
12-20 locations within each slice, where there were no measurements, was filled with values
calculated by linear interpolation (IMaximum interpolation distance 1000 um).
Superimposed on the maps are the borders of the main cortical areas [14]: A, cortical
amygdaloid nucleus; Au, auditory; Ent, entorhinal; FrA, frontal association; I, insular; M1,
primary motor; M2, secondary motor; O, olfactory; OF, orbital frontal; PtA, parietal
association; Pir, piriform; PRh, perirhinal; RSA, retrosplenial. Primary somatosensory
mapping: S1FL, the forelimbs; S1HL, the hindlimbs; S1TR, the trunk; S1BF, the barrel
fields; S1J, the jaw, lip, and oral region. S2, secondary somatosensory; TeA, temporal
association; V1, primary visual; V2, secondary visual.

Neurosci Lett. Author manuscript; available in PMC 2014 July 25.



Page 7

Holschneider et al.

T *Bid Ut paujap se

ale suolBaJ o1woleue ayl Jo suoneIAaIgqY (0 > 1041U0Da100s 7 snuiw 8UO18109s 7) H1-49D Ul sasealdap Juasaidal punoibxoeq Aeib e uo 1xa) %oe|q paoidap sjeD (0 > 101U0Da.109s 7 snuiw BUO0 L1008
Z) $103U09 0} patedwod Y1 -49D Ul sasealoul Juasaldas punolfixoeq 3ae|q e Uo 1xa) aHyM Se paloldap S|190 ‘19A3] TO'0 > d 8yl e Juediiubis sasualapsip dnolb jussaidal |19 papeys (Ww 8'G— dv)
901[S dAIILIUASAIda. B Ul UMOUS SB ‘[eJa1e] 0 [eIpalll WOy pa1oldap ase OT—T# SUOILIO| BN 891]S YIea UIYIIAA "SIalaWi||IW Ul ewaiq 0 S30URISIP YIIM ‘[epned 0] [eJ)SoJ Wol) S80S [eu0J09 Jussaidal smoy

W3 ydd  veL  TA TA  VSH €'8-

w3 uydd WAL ZA A TA  vsY €L-

w3 N A TA  VSH €9-

Id A A N VSH 8'G-

v id N N N VSH €G-

v id 491S Vid  Vid  vsd ey-

v Jd 491S LIS A1TS T ee-

v ooad o ?S 491s 491S  491S  HIS TN 8T-

v o oad o ?S 491s 491S  491S  HIS TN eT-

O id id | 7S 491s  491S  491S  HIS TN 80-

O id id 1 ?S 491S 491S  4IS HIS TN €0-

O Nd Aid 1 BTS OTS SIS TN TN ZW LT+

O id id | | TS TN TN TN 2N L'+
OT# 6# 8#  I# o# G# v# e# o #  (ww)ewfaig

< 901|S B UIYHIM SUOIIEI0™

NIH-PA Author Manuscript

T alqel

NIH-PA Author Manuscript

Sj0ju0d pue abusjeyd 21ISNOJ. 3y} 0}
pasodxa syed ayi 4o (H1-49D) AlIAI0R0IpRI 3NSSI) Palejal MO|J pPOoo|( [e211109 [euolfial JO $3109s 7 Usamiaq saouasaylp dnoub jo sdew olnaweled [eansnels

NIH-PA Author Manuscript

Neurosci Lett. Author manuscript; available in PMC 2014 July 25.



Page 8

Holschneider et al.

v ld | ¢S 491S  491S LTS I1TS il €¢-

v Jd | es 491S 4971S  491S  TTHIS i 0¢-

v id I es 491S 491S  491S  THIS iyl L'T-

v ld | ¢S 491S 491S d491S  THIS TN V-

v Jd | S d491S 491S  491S  TTHIS TN TT-
O Jid Jd I &S d91S 491S  491S IHIS TN 80—
O id Jd | ¢S | d4d1S 4491S  14IS IHIS TN §0-
o Jd Jd | ¢S d491S 491S  1d1S THIS TN ¢0-
O Jid Jd I oS} TS orTIs 4TS TN 44 T0+
O id Jd | Zs SCTS  orIS  141S TN <N 7o+
o Jd Jad | (TS | BCTS orTS 141S TN <N L0+
O Jd Jd I TS OIS  BCIS  1d41S TN <N 0T+
O id Jd | (TS °fTS °ors 41IS TN <N €T+
o Jd Jad | (TS dCIS 9IS TN TN <N 9T+
O Jd Jd I 9IS = CTS  8fTS TN TN <N 6T+
O id Jd | SCTS dCTS  3rTS TN TN <N e+
o Jd Jad | 1 3CTS W TN TN <N §C+
O Jd Jd I | aCTS TN TN TN <N 8¢+
O id Jd | N W W N TN <N TE+
O Jd Jd | N W W N TN <N e+
O Jid Jd I | TN N TN <N <N L'+
0] O (0] 10 40 <N <N N ¢\ <N oy +
0] O O 10 410 ¢\ ¢\ <N <N <N eV +
(0] 0o O o} 410 vid Vid Vvid Vvid Vvid 9+
(0] O O o} 40 vid Vvid Vvid vid Vvid 67+
0 0 (0] 0 (0] Vvid Vid Vvid vid Vvid S+

OT# 6# 8#  I# o# S# v e# o T#  (ww)ewbeaug

< 301[S B UIYHM SUOIIBI0T]

$]01U0J pue Y90ys-1004 31 0}
pasodxa syed ayi 4o (H1-49D) AlIAI0R0IpRI 3NSSI) Palejal MO|J pPOoo|( [e211109 [euolfial JO $3109s 7 Usamiaq saouasaylp dnoub jo sdew olnaweled [eansnels

¢ ?dlqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neurosci Lett. Author manuscript; available in PMC 2014 July 25.



Page 9

Holschneider et al.

*T "B14 u1 paulgap se ale suoifial d1woreUR 8y} J0 suoneIAIqqY "(0 > 104U0Da109s 7 snuiw XI0YSali0ds

Z) ".1-49D Ul sasealdap Juediyiubis Jussaidas punolbxoeq Aeuf e uo 1xa) 3ae|q se pajaldap sj1aD (0 > 1043U0D8109s Z snujw AI0YSa109s Z) 5104302 0} pasedwod Y1 -49D Ul Sasesloul Juediytubis jussaidal
punoJBoeq %9e|q © UO 1X8) 3lyM Se pajaldap s|ja0 "pauljdapun pue pjog Ag [9A3] S00°0 > d 8U} 18 10 SaIfell Aq [9A8] SO0 > d 9y} Je Juediyiubis saouaiayip dnoib juasaidal s|jad papeys 'T a|qe.L O 1asul
aInb1y Y1 Ul UMOYS Se ‘[esale| O} [eIpaW WoJy paoldap ate OT—T# SUOITRIO| [ed110D (SMOJ) 831|S Yoea UIYNAA "SIa1aWi|IW Ul ewfaiq 0 S30UBISIP UMM ‘[epned 0] [eJiS0J Wol) S3dI|S [euolod Juasaldal smoy

w3 Yydd Vol A A vsd €8-

3 ydd  vel N A A VvSd 08—

w3 yud Vel 24\ A A VvSd L'l=

w3 ydd Vol N A A Vvsd vi-

3 ydd  val N N A A VvSd Tl-

U3 ydd  vel N A VvSd 89—
U3 ydd  nv nv A Vvsd §'9-
3 ydd = nv nvy A Vvsd ¢'9-
Iid ydd = nv nv 2 VvSd 6'S—

vV Id ydd ny ny N VSH 9'G-
V id ydd v ny vsy €G-
vV Id uydd nvy ny vsy 06—
vV Id ydd ny ny vSY Ly-
vV Id ydd nv ny vr-
vV Id uydd nvy ny Tv-
V Id ydd 0¥ ny 8-
vV Id ydd nv ny ge-
vV id uydd nv s ze-
vV Id uydd ¢S 491S 62—
v o oid | Zs  441s 92-
oT# 6# 8% I# 9 G# i e o T#  (ww)ewbaig

< 901|S B UIY}M SUOIIBI0T]

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neurosci Lett. Author manuscript; available in PMC 2014 July 25.



